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Design of flow processes for C–H activation-type
reactions
The last 15 years have seen tremendous advances in using different metal catalysts to
functionalize traditionally unreactive C–H bonds. Given the high potential of these
seemingly ideal strategic bond forming reactions, the uptake of C–H activation in fine
chemical manufacture is slow. Part of the reason for this deficiency is limited mechanistic
understanding of these complex reactions. This can preclude industrial applications of
either batch or continuous C–H activation processes. Owing to the synthetic utility of C–H
activation reactions, it is highly desirable to design intensified processes for this family of
transformations, what can possibly facilitate industrialisation of C–H activation reactions.
Firstly, an ab initio process design of a novel C(sp3)–H activation reaction giving access to
aziridines yielded a predictive mechanistic model that has been used in an in silico
optimisation. The identified set of conditions was suitable for a scalable continuous
process. A separation technique was developed, and the utility of the process was extended
by a subsequent reaction, a nucleophilic ring opening. Secondly, a black-box optimisation
of the investigated reaction was performed. The applied algorithm was able to identify a
set of conditions fulfilling the set targets within few experimental trails.
The second project has set out to design a process for a C–H oxidative carbonylation. A
kinetic study has shown that the reaction is CO-starved even at elevated pressures and that
there is an optimal CO concentration. The turn-over number was increased from 8 to nearly
500. Two scalable processes were then developed. The first was a batch process,
characterised by a very low catalyst loading. The second was, to the best of author’s
knowledge, the first continuous process for an oxidative carbonylation reaction. The
continuous process was tested on several oxidative carbonylations yielding excellent results
with virtually no optimisation performed. Finally, an environmental sustainability
assessment was performed using both, simplified metrics and an LCI analysis.
The developed mechanistic understanding allowed identification of sources of inherent
inefficiencies of C–H activation reactions. Appropriate solutions to these obstacles were
suggested. Thus, it is believed that a step towards generic principles of design of intensified,
scalable processes for C–H activation-type reactions has been made.
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Abstract

Abstract
Design of flow processes for C–H activation-type reactions
The last 15 years have seen tremendous advances in using different metal catalysts to
functionalize traditionally unreactive C–H bonds. Given the high potential of these
seemingly ideal strategic bond forming reactions, the uptake of C–H activation in fine
chemical manufacture is slow. Part of the reason for this deficiency is limited mechanistic
understanding of these complex reactions. This can preclude industrial applications of
either batch or continuous C–H activation processes. Owing to the synthetic utility of C–H
activation reactions, it is highly desirable to design intensified processes for this family of
transformations, what can possibly facilitate industrialisation of C–H activation reactions.
Firstly, an ab initio process design of a novel C(sp3)–H activation reaction giving access to
aziridines yielded a predictive mechanistic model that has been used in an in silico
optimisation. The identified set of conditions was suitable for a scalable continuous
process. A separation technique was developed, and the utility of the process was extended
by a subsequent reaction, a nucleophilic ring opening. Secondly, a black-box optimisation
of the investigated reaction was performed. The applied algorithm was able to identify a
set of conditions fulfilling the set targets within few experimental trails.
The second project has set out to design a process for a C–H oxidative carbonylation. A
kinetic study has shown that the reaction is CO-starved even at elevated pressures and that
there is an optimal CO concentration. The turn-over number was increased from 8 to nearly
500. Two scalable processes were then developed. The first was a batch process,
characterised by a very low catalyst loading. The second was, to the best of author’s
knowledge, the first continuous process for an oxidative carbonylation reaction. The
continuous process was tested on several oxidative carbonylations yielding excellent results
with virtually no optimisation performed. Finally, an environmental sustainability
assessment was performed using both, simplified metrics and an LCI analysis.
The developed mechanistic understanding allowed identification of sources of inherent
inefficiencies of C–H activation reactions. Appropriate solutions to these obstacles were
suggested. Thus, it is believed that a step towards generic principles of design of intensified,
scalable processes for C–H activation-type reactions has been made.
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Chapter 1. Introduction
The method of hierarchical process design based on flow sheets and case scenarios has
gained significant interest in last decades. This method, pioneered by Douglas,1 allows
reduction of a complex process to a set of elementary operations and, based on a priori
knowledge, choose the optimal solution to the problem. However, this approach requires a
thorough understanding of the investigated process and, in case of an insufficient
description of the process or large uncertainties of the process parameters, can lead to
substantial inefficiencies. Hence, as a prerequisite to beginning a hierarchical process
design, one must solve a problem of complexity of chemical and physical phenomena
underpinning the process. This requires an adequate description of the influence of the mass
and energy transfer on the system as well as providing enough data describing
chemical reactions taking part in the process, Figure 1.1-1

Process difficulties

Chemical
phenomena

Physical phenomena

Mass transfer

Kinetics

Energy transfer

Mechanism

Figure 1.1-1. Sources of process complexity.
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An attempt to solving the process difficulty quite often requires a significant amount of
time and resources and still does not guarantee to obtain the information one aimed for.
That is why a generic and robust “roadmap” towards solving process complexity
could be of great help to engineers involved in process design. However, due to the large
variety of chemical mechanisms and a substantial number of complex chemical
transformations, forming a “one-size-fits-all” solution, although highly desirable, seems
to be impossible.
Over last several decades a significant attention was paid to a field of process
intensification. Particularly, the concept of flow chemistry gained an unprecedented
interest. Flow chemistry can be defined as a general range of chemical processes that occur
in a continuously flowing stream taking place in a flow reactor. A flow reactor can take a
form of a tubular reactor, packed-bed reactor, series of continuously stirred tank reactors
and many more. Arguably, the implementation of flow chemistry techniques results in
superior mass and energy transfer being a consequence of smaller reactor dimensions. This
leads to faster, cleaner and safer chemical reactions. Furthermore, the scalability and the
integration of typically used PATs and separation techniques in flow systems can be
significantly easier.
This work aims to develop intensified continuous processes for palladium catalysed C–H
activation type reactions of secondary amines. These transformations, currently considered
as not-scalable, should benefit from a holistic approach to the process design. Applying the
hierarchical process design paradigm should allow a significant increase in efficiency of
investigated processes. Furthermore, the developed mechanistic and kinetic understanding
of investigated processes could potentially allow formulation of generic principles of
design of scalable processes for C–H activation type reactions. This may potentially
facilitate industrialisation of C–H activation-type reactions.
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Owing to the interdisciplinary nature of the thesis there is a need for a theoretical
introduction to several fields. The following literature review covers four themes: methods
and tools of process design, continuous processing methods for fine chemical synthesis,
palladium catalysed C–H activation reaction and life-cycle assessment.

2.1. Methods and tools of process design
Design of chemical processes strongly depends on available process information. Without
access to reliable models describing the physical and chemical complexity of the process,
it is rarely possible to choose the optimal reactor and a set of conditions to run the process.
Furthermore, in the absence of predictive models, previously unknown scale-up dependant
phenomena can be observed upon re-sizing of the reactor. Hence, it is of utmost importance
to build as thorough as economically feasible understanding of the process as possible
before choosing the reactor system and the conditions to run the process. The following
chapter focuses on tools and principles of chemical process design.

2.1.1. Hierarchical process design
The route from a molecular discovery to a plant scale synthesis is a time as well as capital
demanding development process and requires an agile cooperation between numerous
departments localised in separate units of a chemical company or a research institute. The
classical, sequential research and development approach assumes that the work on the
process is conducted as a set of discrete elements completed by separate functional units,
i.e. results of molecular discovery, lab scale synthesis and product properties studies
performed in a research laboratory are passed on to process chemists conducting synthesis
scale-up and developing a process model that is implemented, or, if necessary, refined, by
-4-
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process engineers at a pilot plant scale, Figure 2.1-1. This, finally, leads to a full production
scale process development. Such methodology, being a very long and cost demanding
process, is characterised by high risk factors. It is not uncommon to discover that the
synthesis route designed in a research laboratory is not optimal or even not feasible at a
larger scale. Failures at advanced stages of the process can bring significant burdens to the
economic position of the department or the whole company, especially when a small unit
is being considered. Thus, all possible actions must be taken to prevent it from happening.
This may be done by nurturing cooperation and communication between separate cells
within the whole company. However, this may be problematic and require dramatic
changes in the way modern chemical companies function. An other, more drastic approach,
is abandoning, or profound modification of, the classical R&D approach and following a
new, parallel methodology, Figure 2.1-1. The parallel approach assumes that the operations
preceding the process model formulation are performed within the same functional unit.
This, in theory, should minimise the risk of failures on advanced levels of the project.
Despite its apparent advantages, the parallel approach to process flow sheet generation
results in an increased number of degrees of freedom, which generates a heavily underdefined optimisation problem that can be difficult to solve. For the sequential process
design, assumptions at every level reduce the number of degrees of freedom. Thus, even
though the optimisation problem is still under-defined, the solution is usually possible to
be found. On the other hand, a faulty assumption can lead towards a suboptimal global
solution to the problem generating a significantly more capital-intensive solution. This can
cause project failures, especially if the mistake was made at an early stage of the project
and it is not economically feasible to repeat all the operations following changing the
solution of the step. This is why the collaborative, parallel approach, even though difficult
to solve, can prove to be much safer and more effective. Optimising of such complex
systems and choosing the most appropriate technologies for every step of the process can
be easier solved when a hierarchical process design is implemented, i.e. a structured
technique for organisation and analysis of complex problems requiring multidimensional
decisions.
A number of tools and methodologies aiding process flow sheet generation for complex,
heavily under-defined problems has been published. Douglas1 in his work presented a
heuristic solution to the problem. Dividing process complexity into five decision levels
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Figure 2.1-1. Comparison of a classical sequential R&D model with the new parallel
approach. Based on ref. 2.
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dramatically simplifies and unifies the places of making assumptions. The hierarchy of
decisions is as follows:
1. Batch vs continuous
2. Input-output structure of the flow sheet
3. Recycle structure of the flow sheet and reactor considerations
4. Separation system specification
4a,b. Vapour and liquid recovery system
5. Heat exchanger network
A complete process must be considered at each level and, if required, additional sublevels
shall be created for more complex case studies. Ideally, for all levels and sublevels, multiple
scenarios should be generated and, following feasibility studies, a multi-criteria
optimisation should be performed to identify the optimal pathway.
Douglas also identified input information required to develop the flow sheet. He again
divided it into groups:
A. Reactions
A.1. Stoichiometry, temperature, pressure of each step
A.2. Correlation of product distribution vs conversion and temperature
A.3. Catalyst for each reaction
A.4. Desired phase condition of each reaction step
B. Products
B.1. Desired production rate and product purity
B.2. Product price or price as a function of purity
B.3. Values of all by-products as chemical or fuel
C. Raw materials
C.1. Composition, temperature and pressure of all raw material streams
C.2. Prices of all raw material streams or prices as functions of purities
D. Constraints
D.1. Explosive limits and safety considerations
D.2. Coking limits, polymerisation or decomposition limits
E. Plant and site data
E.1. Utilities; i.e. fuel, steam levels, cooling water, refrigeration
E.2. Waste disposal facilities and cost
-7-

Chapter 2

Literature review

Lapkin et al. in their work described a high-level conceptual framework for the description
of complexity in intensive chemical processes.2 The authors aimed to employ a hierarchical
process design to develop a predictive methodology for building an understanding of the
complexity of interactions between chemical species and facilitate reverse engineering of
chemical process design from final products. Rejecting excessive simplifications and
adding an additional dimension, i.e. time, a multilevel hierarchical conceptualisation was
formed. Additionally, unlike other published structures, by adding a supplementary
criterion describing the impact of chemical species on the environment, i.e. sustainability
criterion, the framework equips users with a tool to predict any negative consequences of
the developed processes to the environment.
Lapkin et al. based his hierarchy on a system operating tool developed for the description
of real-life complex problems possessing a structural hierarchy and temporal dependences
published by Mann.3 The 9-windows design was modified to represent the life-cycle of a
generic chemical process consisting of four steps: reactants, product mixture, isolated
molecule or formulated product and, finally, use phase, end of life, recycling or
regeneration, and four levels: subsystem, i.e. atomic level, system, i.e. molecular level,
super system, i.e. phases or materials and finally chemical reactor and environment. For a
detailed graphical representation see ref. 2.
Similarly to the work of Douglas,1 the input information is unified and designed as a sixcategory descriptor.2 It contains data on six parameters characterising the substance, its
structure, space, time, energy and information. This data would accompany each
component at every hierarchy level within the system.
Another conceptualisation framework is the one reported by Yang and Marquardt. Their
framework is designed to define fundamental chemical concepts precisely.4 The critical
element of the work is the clarification of the nature of a scale in the multiscale modelling
concept. The framework is being developed by following a three-step approach, i.e.
conceptualisation of general systems, rigorous definitions for a precise characterisation of
scales as well as inter-scale relationships and finally composition of a general multiscale
model. The steps are made consecutively, by building upon previous ones. The developed
framework is structured in the form of an ontology, reusing elements of the Bunge-WandWeber (BWW) ontology5 upon some modifications (introduction of laws on intra-level

-8-

Chapter 2

Literature review

couplings, the environment and the structure of a level, the laws on inter-scale relations and
a multiscale model and its clarification).
A number of other tools aiding process system engineering and flowsheet generation have
been developed, a review on these was written by Vlachos.6 To examples of such tools, one
can include the work of Casola,7 Morbach,8 and Daichendt.9 This list is not comprehensive
since the primary aim of the thesis was not building of tools for the hierarchical process
design, but it employed the philosophy of such approaches.

2.1.2. Describing process complexity
Even a simple chemical reaction can be characterised by a complex and challenging to
understand behaviour. Hence, unravelling all of the physical and chemical phenomena
concealed behind a chemical transformation may prove to be challenging. That is why a
number of tools aiding building of such understanding have been developed, and they are
being employed by process chemists in academia and industry on a daily basis. Generally,
the tools vary by the amount of information about the process they provide their users with;
usually, the amount of information is directly proportional to the amount of resources the
particular methodology requires. Rapid and experimentally inexpensive self-optimisation
techniques provide users only with a minimum information about the process and, quite
often, the results are difficult to interpret without additional mechanistic or kinetic studies.
Power-law kinetics or more complex polynomials enable researchers to conduct an initial
deconvolution of the observed behaviour. Finally, a true, full description of the process
complexity can be built by detailed micro-kinetic studies yielding in predictive mechanistic
models. This approach, being “Holy Grail” of process development requires sacrificing the
most of resources and often can prove to be impossible to exercise.
The following chapters focus on the description of these three general approaches to
unfolding the process complexity.
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2.1.2.1. Self-optimisation
Self-optimisation is a technique in which the parameters of the system being optimised are
autonomously and continuously changed until the output of the process reaches the
predefined target. In chemical engineering, the target is usually associated with process
characteristics such as, for example, yield, throughput, selectivity or qualities of the product
such as, for instance, purity, particle-size or morphology. To achieve the predefined target,
a feedback loop between the input and the output of the process must be generated, and the
data must be processed using one of the available statistical approaches. The data is
generated by conducting experiments performed in autonomously operated reactors
equipped with suitable process analytical technologies (PAT) and is fed back to an
algorithm in a closed loop until the target is reached. Upon reaching the target, i.e.
completion of the optimisation, a set of parameters is identified. They may represent a local
or a global optimum depending on the algorithm used and imposed on it restrictions.
Since an autonomous operation of batch processes is somewhat complicated, the flow
chemistry methods emerged as ideal tools for such investigations. Easily implemented into
flow setups PATs such as UV-vis,10 IR,11–15 Raman16–18 and NMR19 spectroscopies or
gas20–22 and liquid23 chromatographies allow qualitative and, upon calibration, also
quantitative analyses of complex reaction mixtures. Furthermore, usage of microreactors
allows reduction of the amount of the material used in the optimisation effort what can
significantly lower its cost.
Equally important to the choice of a suitable PAT is the choice of an algorithm to search
for optima. Arguably, the most commonly used numerical method is the Simplex Method
or its modifications.11,19,21,24,25 Other algorithms employed in self-optimisations of chemical
processes are Steepest Descent Method,23 SNOBFIT (Stable Noisy Optimisation by Branch
and Fit)10,11,22,26–28 and MOAL (Multi-Objective Active Learner).20,29 McMullen and Jensen
in their work implemented three of the above-mentioned algorithms and compared their
performance.23 Even though all of them achieved similar final solutions, the amount of
experimental work differed quite significantly between them. It is worth noticing that there
is no universally superior algorithm and the performance of the algorithm depends on the
optimisation problem. Furthermore, some of the algorithms offer additional steps aiming
towards determination whether the identified solution is a global or a local optimum. These
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steps require supplementary experimental efforts. However, they may result in finding a
better solution.
Despite being very useful in adjusting continuous variables of the process, the main
disadvantage of self-optimisation is its inability to handle discrete variables. Some work
has been done on describing discrete variables with appropriate functions.30 However, this
field of optimisation is still a domain of high-throughput experiments (HTE), where
multiple experiments are simultaneously performed on a micro-scale. HTE proved to be
very useful in screening for optimal solvents, oxidants, bases, ligands, catalysts and
more.31–33
Since self-optimisation is based solely on a statistical search for optimal conditions, it does
not provide any process knowledge. This technique is used predominately in cases where
a rapid and cost-effective search for conditions is needed. Additionally, the researcher is
not provided with any information on the scale-dependant behaviour of the process, unless
the optimisation is repeated for the desired scale, nor can predict the behaviour of the
system outside the tested range of conditions. Thus, it is not possible to construct a
predictive model based on a self-optimisation. Self-optimisation and other black box
techniques are also employed in cases where the system is too complex for a more detailed
description of the problem, for example, biological systems.34 Despite its drawbacks, selfoptimisation is perhaps the most cost-effective tool for optimisation of chemical processes
and is often used in both academia and industry. Additionally, data generated using
autonomous systems can serve as a starting point for more detailed mechanistic and kinetic
studies, should building process knowledge be the aim of the researcher.
A selection of recent applications of automated self-optimisation of chemical processes in
flow reactors is listed in Table 2.1-1.
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Table 2.1-1. Selected recent advanced in the field of self-optimisation.
Reaction
CdSe nanoparticle synthesis10

Variables
temperature, residence time and

PAT
fluorescence

stoichiometry
Knoevenagel condensation,

temperature, residence time and

benzyl alcohol oxidation23

concentration

Diels−Alder24

temperature, residence time and

HPLC

HPLC

concentration
Heck coupling25

residence time and stoichiometry

HPLC

Alcohols etherification in

temperature, pressure, supercritical

GC, IR

supercritical CO211,21,22,35

CO2 flow rate and stoichiometry

Paal-Knorr reaction12

temperature and residence time

IR

Nucleophilic aromatic

temperature, residence time

HPLC

substitution36

concentration and stoichiometry

Monoalkylation of an amine30

temperature, residence time,

LC-MS

stoichiometry and solvent
Imine formation19

residence time and volume fraction

NMR

Aminocarbonylation of aryl

temperature, residence time

GC, IR

halides37

stoichiometry and pressure

Amidation to AZD9291 EGFR

temperature, residence time and

kinase inhibitor 27

stoichiometry

Suzuki-Miyaura cross-

temperature, residence time and

coupling38

catalyst loading

Amidation26

temperature, residence time and

HPLC

HPLC

MS

stoichiometry
Pd-catalyzed aziridination20

temperature, residence time and
stoichiometry
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2.1.2.2. Initial deconvolution of the observed behaviour
Designing of some chemical processes may require building a broader knowledge
concerning the physical and chemical phenomena underpinning the reaction. This
information cannot be easily obtained through a self-optimisation. Hence, a different
approach must be implemented. That is why a set of flowcharts or “roadmaps“ was
designed to equip chemists and engineers with tools to quickly and efficiently gain
sufficient information on the process and to be able to describe it using power law kinetic
expressions or simplified mechanistic scaffolds. This chapter will present two of numerous
approaches available in the literature, i.e. the Kinetic Motif Analysis and the Reaction
Progress Kinetic Analysis.

2.1.2.2.1. Kinetic Motifs Analysis
According to the Oxford English Dictionary, motif is a “distinctive, significant, or salient
theme or idea; a recurrent or prevalent characteristic”. Motifs are prevalently used in studies
of biological processes to describe interactions and dynamics of such systems in a
simplified manner. It is due to inherent complexity of biological systems and inability to
describe them in more details. Such simplifications allow quantifications of investigated
systems despite incapability to observe some, or even most of the characteristics of the
system. Hone et al. proposed application of this paradigm to catalytic/enzymatic
transformations that could be used in kinetic or mechanistic studies.39 These studies would
benefit greatly from reducing the complexity of a chemical reaction to a set of “prevalent
characteristics” that can represent all time-dependant behaviours.
Hone et al. in his description of a generic motif of a chemical transformation included,
besides the reaction itself, also the substrate and product decomposition as well as the
reactant pre-equilibrium (Figure 2.1-2). Arguably, this representation should be sufficient
to describe a vast majority of chemical processes available in the literature. According to
the authors, the analysis of kinetic motifs can prove to be superior to a polynomial
representation of kinetics since motifs can be further reduced to a number of elementary
steps, each with its unique rate expression. An independent nature of these expressions can
potentially represent the time-dependent behaviour of the process in much greater details
than polynomials. Additionally, deriving a kinetic motif from its essential components can
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prove to be a much faster exercise and require fewer resources than formulation of a
complex polynomial. Such approach, and especially the analysis of time-dependent
behaviours, may be particularly valuable for optimisation of targets represented by nonmonotonic functions.

Figure 2.1-2. Representation of a motif in a general fine chemical reaction. Based on ref.
39.

To illustrate the process of development of kinetic motifs the authors assumed a multi-step
reaction where A, in the presence of B, gives a product R and a by-product S (Figure
2.1-3a). From this general, fine chemical reaction motif, one can derive six possible options
describing this simple process (Figure 2.1-3b). Performing a set of experiments and
attempting to fit the values of the parameters of the rate expressions would reveal that only
for two of the available options it was possible to find parameter values that fit the
concentration profiles. Upon further experiments, it would be revealed that only the first
option can describe all features of the process with sufficient precision.
The authors presented the utility of their methodology by applying it to two case studies: a
nucleophilic aromatic substitution and the Paal-Knorr pyrrole synthesis.39 For both
examples, they were able to build a satisfactory kinetic understanding within a short period
of time.
The Kinetic Motifs Analysis provides a simple and powerful methodology for the
description of the kinetic behaviour of the investigated processes. Building upon a generic
scaffold of a chemical reaction, the researcher can evolve the kinetic motif so that it will
suit the specific reaction. In this way, a more detailed understanding of the investigated
reaction can be developed. If required, this understanding can be expanded by the scaledependent phenomena by addition of mass and energy transfer descriptions to the kinetic
motif.
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Figure 2.1-3. Possible motifs for a simple two-step reaction. Based on ref. 39.

2.1.2.2.2. Reaction Progress Kinetic Analysis
Donna Blackmond suggested a very concise methodology of analysing kinetic data that can
be rapidly acquired via off-line, or ideally on-line measurements.40 These measurements
can be used to decide whether the process follows one of the mechanistic scaffolds or detect
patterns, such as, for example, catalyst activation or deactivation, substrate and product
inhibition or promotion.
For simple catalytic processes involving only one substrate, Blackmond suggests
employing one of the available graph-representations of reaction mechanisms; such
representations are prevalently used in biochemistry and organometallic catalysis. For
example, the Michaelis-Menten model can be used, Figure 2.1-4.41
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Figure 2.1-4. The Michaelis-Menten model of a catalytic reaction. Based on ref. 40.

The Michaelis-Menten model assumes formation of an enzyme-substrate complex, or more
generally, a catalyst-substrate intermediate by coordination of a molecule of a substrate to
a molecule of a catalyst. The second step of the reaction yields in a molecule of product
and a molecule of a reformed catalyst. The rate of the whole process can be expressed by
Equation ( 1 ):

r=

rmax [S]
K M + [S]

(1)

where rmax is the maximum reaction rate (mol dm-3 min-1), [S] is the concentration of a
substrate (mol dm-3) and KM is the Michaelis-Menten constant (mol dm-3).
Several simplified representations of the Michaelis-Menten model were proposed.
Arguably, the most recognised one is the Lineweaver-Burk linearisation, Equation ( 2 ).42
It is broadly applied to graphical determination of the parameters of the Michaelis-Menten
model, i.e. 𝑟𝑚𝑎𝑥 and KM.

1
1
𝐾𝑀 1
=
+
𝑟 𝑟𝑚𝑎𝑥 𝑟𝑚𝑎𝑥 [𝑆]

(2)

Other available linearisations of the Michaelis-Menten model include, among others the
Hanes-Woolf plot43 and the Eadie-Hofstee diagram.44
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The Michaelis-Menten model, despite its enormous simplicity, was successfully applied to
several families of chemical transformations such as decompositions, isomerisations and
hydrogenations.40
For more complicated processes involving more than one substrate, Blackmond suggested
modification of the Michaelis-Menten mechanism.

Figure 2.1-5. The mechanism for a simple catalytic reaction with two substrates and one
intermediate species. Based on ref. 40.

The reaction rate expression can be presented in the form of Equation ( 3 ):

𝑟=

𝑟𝑚𝑎𝑥 [1]
𝐾𝑀 + [1]

(3)

where:
𝑟𝑚𝑎𝑥 = 𝑘2 [2][4]𝑡𝑜𝑡𝑎𝑙
𝐾𝑀 =

𝑘−1 + 𝑘2 [2]
𝑘1

(4)
(5)

Since, for a reaction with two substrates, the 𝑟𝑚𝑎𝑥 and the KM are no longer constant,
linearisation of the model cannot be performed that easily; a set of experiments should be
used to estimate the values of the parameters.
For the cases where the Michaelis-Menten model does not provide a sufficient fit of the
experimental data to the model, Blackmond recommended a yet another, more generic,
- 17 -
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representation of a reaction rate. This representation dismissed Michaelis-Menten model
assumptions and is derived directly from elementary steps of the investigated process and
can be represented in the form of Equation ( 6 ):

𝑟=

𝑘1 𝑘2 [1][2][4]𝑡𝑜𝑡𝑎𝑙
𝑘−1 + 𝑘1 [1] + 𝑘2 [2]

(6)

alternatively, Equation ( 7 ):
𝑟=

𝑎[1][2][4]𝑡𝑜𝑡𝑎𝑙
1 + 𝑏[1] + 𝑐[2]

(7)

𝑘1
𝑘
𝑘−1 2

(8)

𝑏=

𝑘1
𝑘−1

(9)

𝑐=

𝑘2
𝑘−1

( 10 )

where
𝑎=

Similar expressions can be derived for even more complex cases, i.e. for three or more
substrates. However, this should not be required most of the times since a vast majority of
chemical reactions do not require more than two substrates. Should this be the case, they
can presumably be reduced to a set of two-substrate reactions.
Blackmond also formulated a “road-map” for the Reaction Progress Kinetic Analysis
allowing researchers to quickly and precisely determine the orders of the influence of
separate reactants on the observed reaction rate and, based on them, derive a specific rate
expression tailored for the investigated process. However, before drawing the “road-map”,
Blackmond introduced a parameter called [excess]. She specified that the [excess] is a
difference in the initial concentration of two substrates ( 11 ).40
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[𝑒𝑥𝑐𝑒𝑠𝑠] = [2]0 − [1]0

( 11 )

Assuming lack of side reactions, the [excess] parameter does not change as the reaction
progresses, i.e. both substrates are consumed at the same rate, and the [excess] is not
identical to either the number of equivalents or to the percentage excess concentration since
both of them do change as the reaction progresses.
Using the definition of [excess] and following steps visualised in Figure 2.1-6, a researcher
should be able to gather a sufficient understanding of the process and take a decision which
scaffold of the mechanism to use, alternatively, if necessary, attempt more detailed kinetic
studies. This choice, for ideal cases, should be made after as little as six experiments. Such
a small amount of experimental work allows saving a significant amount of resources and
accelerate kinetic and mechanistic studies of complex chemical transformations.
The Reaction Progress Kinetic analysis was successfully applied in numerous research
reports providing easily accessible mechanistic and kinetic data aiding process
development and optimisation of investigated processes.
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Figure 2.1-6. A flow chart for the Reaction Progress Kinetic Analysis. Reproduced from
ref. 40.
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2.1.2.3. True deconvolution of the observed behaviour
The “Holy Grail” of process development is obtaining all necessary information on the
process and being able to describe it using elementary chemical reactions and ab initio
mathematical descriptions of physical phenomena. Reducing a complex physiochemical
behaviour of a chemical transformation to a set of basic equations and estimating values of
all their parameters generates a predictive model that can be easily used to design an
optimal setup for the reaction being under investigation and predict its behaviour at
different scales. On the other hand, this type of process description is by far the most
experimentally expensive and quite often cannot be performed due to excessively complex
nature of the process or lack of suitable analytical techniques. Despite this, true
deconvolution of the observed behaviour is being performed for some processes or parts of
them. Mainly because of the amount of information about the process it provides its users
with. This information delivers a predictive description of the process also outside of the
investigated range of conditions. Hence, can be used in, for example, implementations of
quality by design methodology, where manufactures of, for instance, pharmaceutical
products, must obtain a sufficient amount of process knowledge to be able to predict how
the quality of the product correlates with the change of process conditions. Other example
where a full deconvolution of the observed behaviour is of utmost importance are largescale industrial processes. In these cases, an increase of the yield by even 1% upon a
knowledge-based process optimisation can bring a significant additional revenue.
An ab initio description of a process requires reducing the complexity of the chemical
reaction to a set of elementary equations in the form of either equilibria or irreversible
reactions. This, non-trivial exercise, especially for complex processes, must be followed by
a description of all physical phenomena such as mass and energy transfer. The application
of, among others, mixing models to the real systems requires estimation of the additional
parameters and can prove to be a significant challenge, especially for heterogeneous
systems. Even for a homogeneous process conducted in a tubular reactor under a laminar
flow regime, the description of mass transfer requires measurements of the residence time
distribution and construction of the dispersion model.
A true deconvolution of the observed behaviour involves estimation of a large number of
parameters; for example, the microkinetic modelling of the Fischer-Tropsch process
performed by Azadi et al. required estimation of 85 independent parameters.45 This would
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not be possible without a significant amount of experimental data. Well-designed
experiments, ideally performed using in-situ analytical techniques characterised by high
precision and resolution are ideal sources of data for parameter estimation. However, due
to a large cost of high-quality experimental results, a number of computational tools, such
as the Model-Based Design of Experiment, MBDoE, can be used to minimise the amount
of resources used in building and parametrisation of the model. This is done by
maximisation of the information obtained from the conducted experiments. However, even
for ideally designed experiments, it may be challenging to separate the physical phenomena
underpinning the behaviour of the system form the chemical properties of the process. A
solution to this problem is provided by the microreactor technology. Reducing the
dimensions of the reactor system to micro, or even nanometres provides excellent mass and
energy transfer. Thus, ideal physical models can be applied. Following construction of the
chemical model, experiments at different scales can be performed to complete the model
by the scale-dependent phenomena.
In addition to experimental tools for identifying reaction mechanisms, quantum chemical
calculations methodologies for mechanistic studies have gained a significant attention.
Especially, the density functional theory (DFT) modelling has been used extensively for
investigations of the energy profiles of chemical transformations.46–48 Implementation of
DFT can potentially result in an easier description of the chemical complexity of the
process by identification of the possible elementary steps involved in the reaction.
Additionally, upon the transition state analysis, it is possible to estimate the energetic
barrier between the intermediates forming the elementary step. The energetic barrier
obtained via DFT studies provides a valuable initial guess for the parameter estimation.
The quality and the experimental cost of the parameter estimation is strongly correlated
with the quality of the initial guess for the parameters. Thus, an approximation of these
values obtained via DFT studies can prove to accelerate the work significantly.
Similarly to unravelling the chemical complexity of a process, the work on the physical
intricacy of the process can be significantly accelerated by using appropriate modelling
techniques. For example, the description of mixing can be based not only on the
experimental results but also on the computational fluid dynamics (CFD) modelling. This
very comprehensive technique is capable of providing detailed information on the flow of
fluids thus, can be used in defining of mixing models.
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A large number of computational techniques allowing theoretical description of the
investigated processes, namely the computer-aided process design, is available.49 The
choice of suitable techniques can potentially not only accelerate the work on the project,
but in some cases, where the amount of information obtained from the experimental data is
limited owing to technical difficulties, such as an inability to detect intermediates on a
quantitative level, can allow building the detailed kinetic and mechanistic models for the
processes where such description would not be possible in the absence of these
computational techniques.
The full deconvolution of the observed behaviour was developed, among others, for some
variations of the Fischer-Tropsch process, i.e. collection of reactions converting a mixture
of carbon monoxide and hydrogen into liquid hydrocarbons. Azadi et al.45 derived 128
elementary reactions with 85 free parameters and attempted the parameter estimation of all
of them. Employing DFT modelling and the transition state theory, they were able to
identify a set of parameters that provided a sufficient fit to the experimental data despite
the relatively small amount of experimental data available. Other approaches to the
description of the Fischer-Tropsch process utilising different catalysts are available in the
literature.50–52 All of them required extensive experimental work and usage of
computational modelling tools.

2.1.2.3.1. Model-Based Design of Experiments
As previously mentioned, generating the high-quality experimental data required to build
and validate the model can be time and resource intensive. Additionally, poorly designed
experiments can bring very little useful information about the investigated process.
Therefore, it is essential to develop tools and methodologies designed to maximise the
information obtained from the conducted experiments, thus, to minimise the amount of the
necessary experimental work.
The Model-Based Design of Experiments (MBDoE) is a tool aiming to obtain as much
information as possible form the experimental work being performed by precise planning
and exclusive execution of experiments that should yield the most informative data. The
generated data can be used in the model discrimination or the parameter estimation.
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A validation of a mechanistic model based on the model-based experimental design
consists of several steps: generating a proposal of a model, preliminary tests aiming towards
identification whether it is possible to obtain required experimental data to quantify the
model, model discrimination performed to validate if the proposed model is capable of
predicting the behaviour the reaction in sufficient details. Should the proposed model fail
at any of the initial steps, a different model should be suggested and the procedure ought to
be repeated. Following the identification of a suitable model, the estimation of the model
parameters should be exercised. Improved values of the parameters shall yield the final,
validated model being able to describe all features of the investigated process and, ideally,
predict its behaviour outside of the tested range of conditions, Figure 2.1-7.

Figure 2.1-7. Model validation procedure based on MBDoE. Based on ref. 53.

In the present work, MBDoE was primarily used in the final step of model validation, i.e.
parameter estimation. Thus, this chapter will focus on this part of the cycle.
The estimation of the process parameters aims towards increasing the precision of the
model parameters and can be expressed in mathematical terms by operations done to reduce
the size of the inference regions of the model parameters. Thus, operations performed to
minimise the elements of the variance-covariance matrix, V, of the parameters ( 12 ).

𝑜𝑝𝑡𝑖𝑚𝑢𝑚 = 𝑚𝑖𝑛 𝑎𝑟𝑔(𝐕)

( 12 )

Adopting the Bayesian approach,54 it is possible to estimate the variance-covariance matrix
that will be obtained after the experiment is conducted. Therefore, the design of
experiments problem, namely maximisation of the information obtained from the
performed experiments, reduces to the minimisation of ( 13 ) by optimally choosing the set
of experiment decision variables.53
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where 𝜃̂ is the best currently available estimate of the set of the model parameters, 𝜑 are
the experiment design variables, nresp represents the number of the model responses with
regards to the parameters, 𝛔̃
𝐫𝐬 denotes the (r,s) element of the inverse of the ∑y – variancecovariance matrix of the experimental measurements, ( 14 ), Qr and Qs are the dynamic
sensitivity of the respectively rth and sth response, defined as ( 15 ). Following the suggestion
made by Box and Lucas, the prior information on the parameter uncertainty, ∑𝜃 𝜃̂ −1 , can
be neglected.55
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Zullo defined the inverse version of the parameter variance-covariance matrix (V) as the
discrete version of the information matrix M, suitable for the optimal design of dynamic
experiments in non-linear multi-response systems.56

−1
𝐕(𝜃̂, 𝜑) = 𝐌(𝜃̂, 𝜑)
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The information matrix, similarly to the parameter variance-covariance matrix, V, depends
on the sensitivity matrices, Q and the inverse of the variance-covariance matrix of the
experimental measurements, 𝛔̃
𝐫𝐬 . However, unlike the variance-covariance matrix, V, the
information matrix, M, allows evaluation of the information content from a number of
experiments, nj, ( 17 ).

𝑛𝑟𝑒𝑠𝑝 𝑛𝑟𝑒𝑠𝑝 𝑛𝑟𝑒𝑠𝑝
𝑻
𝟎
𝑴(𝜃̂, 𝜑) ≡ ∑ ∑ ∑ 𝝈
̃𝑸
𝒓𝒔,𝒋 𝒓,𝒋 𝑸𝒔,𝒋 + 𝑴

( 17 )

𝑗=1 𝑟=1 𝑠=1

Similarly to ( 13 ), the preliminary information on the parameter uncertainty, M0, can often
be neglected.53
When implementing ( 13 ) or ( 17 ), one should remember that, due to the local first-order
approximation of the parameter variance function, the expression is not valid for highly
non-linear problems.57 Despite the possibility of obtaining significant errors due to a large
non-linearity of the optimisation problem, this MBDoE technique is commonly used in
scientific publications.
From the definitions of V, ( 13 ), and M, ( 17 ), the algorithm of designing experiments can
accordingly maximise some metric of M or minimise some metric of V by varying an
element or elements of 𝜑, the experiment control variables.
A number of possible metrics to measure and compare V or M can be found in the
literature.53,58 Here only four, the most commonly applied, will be presented.
Arguably, the most commonly used metric is the D-optimality criterion ( 18 ),58 which aims
to maximise the determinant of the information matrix, M, or to minimise that of the
variance-covariance matrix, V, Figure 2.1-8.53

𝐷𝑜𝑝𝑡 : 𝑚𝑖𝑛{𝑑𝑒𝑡𝐕} ˅ 𝑚𝑎𝑥{𝑑𝑒𝑡𝐌}
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The D-optimal design gained a significant interest due to a straightforward geometrical
interpretation, Figure 2.1-8, invariance with respect to, for example, parameter rescaling or
other numerical transformations and good results for systems described by multiple
parameters.53 However, the D-optimality criterion has some significant drawbacks.
According to Zullo, the D-optimal design aims towards improving the precision of the
parameter characterised by the highest sensitivity, while leaving the less sensitive
parameters unchanged. Even though this approach results in a reduced variance of the
model, the uncertainties of some of the model parameters may remain significantly
large.53,56
The A-optimal criterion aims to reduce the size of the box enclosing the confidence region,
Figure 2.1-8. Thus, the A-optimality aims to maximise the trace of the information matrix,
M, or minimise that of the variance-covariance matrix, V, ( 19 ).

𝐴𝑜𝑝𝑡 : 𝑚𝑖𝑛{𝑡𝑟𝑎𝑐𝑒𝑉} ˅ 𝑚𝑎𝑥{𝑡𝑟𝑎𝑐𝑒𝑀}

( 19 )

The main advantage of the A-optimality is minimisation of the arithmetic mean of the
parameter error as well as reduction of the parameter correlation.6,53 The main drawback of
the A-optimality criterion are, arguably, unreliable results for systems characterised by high
correlations.53,56,59
The E-optimal criterion aims to maximise the smallest eigenvalue of the information
matrix, M, or minimise that of the variance-covariance matrix, V, ( 20 ). Meaning that it
tries to minimise the major axis of the confidence ellipsoid, Figure 2.1-8.

𝐸𝑜𝑝𝑡 : 𝑚𝑖𝑛{𝜆𝑚𝑎𝑥 𝐕} ˅ 𝑚𝑎𝑥{𝜆𝑚𝑎𝑥 𝐌}

( 20 )

The E-optimality can result in a minimisation of the largest parameter uncertainty.
Notwithstanding, this approach focuses on improving only the values of the parameters
characterised by the largest eigenvalue, hence little attention is being paid to the rest of the
parameters.53,60,61
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Finally, the modified E-optimality criterion was developed to work with systems
characterised by a high correlation between parameters. However, application of the
modified E-optimality criterion is possible exclusively for models described by only two
parameters, Figure 2.1-8, ( 21 ). Another significant drawback of the modified E-optimality
is its discrete nature. The discrete nature may potentially lead to convergence issues or
result in large, spherical confidence ellipsoids, not improving precision of the model.53

𝑚𝑜𝑑𝐸𝑜𝑝𝑡 : 𝑚𝑎𝑥 {

𝜆𝑚𝑎𝑥 𝐕
𝜆𝑚𝑎𝑥 𝐌
} ˅ 𝑚𝑖𝑛 {
}
𝜆𝑚𝑖𝑛 𝐕
𝜆𝑚𝑖𝑛 𝐌

( 21 )

Figure 2.1-8. Geometrical interpretation of the most commonly implemented criteria for
the experiment design. The grey area represents the confidence region of the model
parameters, based on ref. 53.

A detailed discussion and presentation of other optimisation criterions can be found in the
literature.58,62
Recent attention paid to the development of MBDoE resulted in implementation of some
of the most commonly used techniques in commercially available software packages.
gPROMS Model Builder 4.0.0 used in the present work provides user-friendly access to
A-, D- and E-optimality criterions.
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2.1.3. Summary
The chapter provided an overview of tools and methods of building process knowledge.
The discussed tools and methodologies offer their users a different depth of process
information that usually is directly proportional to the amount of resources necessary to
build the model. Despite numerous tools designed for the computer-aided process design
or statistical tools, such as MBDoE, process engineers still need to weight the cost of
building the knowledge due to limited resources. That is why it is crucial to understand
which tool is the best suited and the most cost-effective for the specific case.
Full mechanistic predictive models provide a vast amount of information on the process
including a description of scale-dependent phenomena. Due to a significant cost of
development, this type of process understanding is being used for challenging processes
generating a large added value. Furthermore, these models are ideally suited for in sillico
optimisation, process intensification and for scaling. When a limited, scale-dependent
information is sufficient, an initial deconvolution of the observed behaviour can be applied.
Using methods such as the Reaction Progress Kinetic Analysis or the Kinetic Motif
Analysis allows building polynomials describing the behaviour of the process under the
tested range of conditions. When a rapid search for optimal conditions is required, a blackbox optimisation, ideally performed autonomously, is the method of choice. Unfortunately,
it provides its users with virtually no process knowledge. Thus, it cannot be used for scaling
without repeating the procedure at the desired scale.
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2.2. Continuous processing methods for fine chemical synthesis
The round-bottom flask has been the most commonly used piece of equipment in synthetic
laboratories for centuries. Its versatility, chemical as well as thermal resistance, availability
and low cost facilitated a significant advancement of the field of organic chemistry. Despite
its unparalleled usefulness, a typical round-bottom flask can generate only a limited range
of operating conditions. This restriction precludes implementation of, for example, highpressure, highly exothermic or endothermic processes or severely lowers the efficiency of,
for instance, multiphasic reactions. Circumventing this issue by broadening the range of
the available process conditions or opening of new, previously unexplored process options
should result in a significant acceleration of further development of organic chemistry.
A possible solution to the narrow range of available process conditions can be delivered by
a re-evaluation of the way reactions are conducted. The adaptation of continuous flow
technologies developed over last two decades enables chemists and chemical engineers to
utilise conditions that were previously a domain of a large-scale bulk chemicals production;
for instance high temperature and high pressure reactions. Furthermore, much smaller
dimensions of the new type of flow reactors allow practitioners of flow chemistry to benefit
from the previously inaccessible, even for well-designed large-scale continuous systems,
range of conditions. For example, a much greater and uniform penetration of light allows
efficient and selective implementation of photochemical transformations; positioning of
electrodes in a very close proximity to each other allows electrochemists to reduce the
amount of used electrolytes, or even abandon adding them at all. Furthermore, for a flow
process, a much lower voltage must be applied to achieve comparable results. This may
reduce the risk of Joule heating and may increase the selectivity of electrochemical
processes.
The following chapters will focus on the description of some of the new possibilities
brought by the “flow revolution” in organic synthesis. Detailed reviews on tools and
methods of flow chemistry are available in the literature.63–75
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2.2.1. Mass transfer
Arguably, the most important result of the implementation of the flow chemistry
technology is an enhanced and controlled mass transfer. The mass transfer within the
reactor depends on the length scale of the reactor. The importance of mass transfer for
reaction engineering originates from a fact that if diffusion or thermal conduction is
potentially slower than the reaction rate in a given reaction system, then the mass transport
may be controlling the outcome of the process, i.e. its overall rate and selectivity.
In a typical reaction system, the mass-transfer occurs between two or more homogeneous
fluids, two or more heterogeneous fluids, otherwise, between solids and fluids. These cases
can be reduced to three model examples, namely homogeneous and miscible liquid-liquid,
liquid-gas and liquid-solid mass transfer. The description of all other systems can be
derived from these three model examples.
For two homogeneous, miscible liquid phases, the mass transfer, namely mixing, shall be
considered at two levels, micromixing, i.e. mixing at the molecular level, and macromixing,
i.e. mixing at the macro-scale.
Liquid-liquid flow chemical processes, commonly run in microfluidic chips or tubular
reactors, are characterised by a laminar flow regime owing to low Reynolds numbers,76 Re,
often below one,

𝑅𝑒 =

𝜌𝑢𝑙
𝜇

( 22 )

where ρ is the density of the liquid (kg m-3), μ is the dynamic viscosity of the liquid (kg
m-1 s-1), u is the velocity of the liquid with respect to the object (m s-1), and l is the
characteristic linear dimension (m).
The ideal laminar flow regime is characterised by a “lamination” of the contact of
homogeneous miscible liquid streams, resulting in mixing being predominantly by
diffusion of molecules across the neighbouring streams. The diffusion can be quantified by
the 2nd Fick’s law, Equation ( 23 ),77
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𝜕𝑐
𝜕 2𝑐
=𝐷 2
𝜕𝑡
𝜕𝑥

( 23 )

where 𝑐 is the concentration (mol m-3), t is the time (s), and x (m), is the position and D is
the diffusion coefficient (m2 s-1).
Thus, for binary systems, the characteristic mixing time, t, is directly proportional to the
square of the diffusion length, x, and inversely proportional to the diffusion coefficient, D,
Equation ( 24 ).
𝑡=

𝑥2
𝐷

( 24 )

Mixing on the macro-scale in simple flow reactors, namely where no additional power
utilised for mixing is delivered, is governed largely by axial dispersion. While the ideal
plug-flow regime is characterised by a constant velocity of the fluid at every cross-section
of the pipe perpendicular to the axis of the pipe, non-ideal laminar flow regime results in a
parabolic velocity profile across the pipe. The parabolic velocity profile is caused by
friction effects. Thus, material moving along the centre of the reactor channel flows faster
than the material in a close proximity to the walls. The variation in the axial velocity across
the channel translates to the variation in the residence time distribution between different
fluid laminae. The degree of axial dispersion can be measured using the tracer injection
methods78,79 and characterised using the Bodenstein number, Bo, which represents a
relation between the axial convective forces from flow to the back-mixing caused by the
axial dispersion, Equation ( 25 ),

𝐵𝑜 =

𝑢𝐿
𝐷∗

( 25 )

where u (m s-1), is the average velocity of the reaction stream, L (m), is the length of the
reactor and D* (m2 s-1), is the effective axial diffusivity.
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Generally, a small value of the Bo number suggests large deviations from the ideal plugflow regime, thus a highly dispersive flow.
More complex flow systems equipped with mixing zones and additional mixing systems
such as magnetic micro impellers, unsteady injection of fluids, namely oscillations, or
peristaltic pumps have been developed.71 The description of micro and macromixing in
these is complex and requires implementation of appropriate mixing models.80,81
In the laboratory scale batch reactors, mixing is usually realised by a mechanical agitation
using magnetic or overhead stirrers. The theoretical description of the mass transfer in these
cases also requires implementation of appropriate mixing models. Alternatively, the
computational fluid dynamics methods (CFD) can be used, or micro and macromixing can
be investigated heuristically. While macromixing is often expressed in terms of the fluid
segregation and measured experimentally using, for example, observation of the evolution
of the degree of segregation using fluorescent dye,82 micromixing is investigated by
employing tools such as systems of competitive reactions, namely Bourne81 or VillermauxDushman methods.83 These methods exploit differences in intrinsic reaction rates of two
parallel reactions conducted in the same system. Assuming an ideally micromixed reactor,
only the reaction characterised by a greater reaction rate should occur; for the non-ideally
mixed systems the products of both, the slower and the faster reaction would be detected.
Based on the ratio of the concentrations of the products and the intrinsic kinetics of both
reactions, one can calculate the time of micromixing of the system. The same tools have
been successfully applied in the experimental determination of micromixing in flow
reactors.84,85
Generally, the time to achieve 99% mixing in microreactors not equipped with an active
nor passive mixers varies between 1 and 0.2 s depending on the channel width. For reactors
equipped with mixing zones these values are much lower, sometimes less than 1 ms.85,86
When a batch reactor is considered, it may be difficult to achieve 99% mixing faster than
within 10 s. Even turbulent systems equipped with well-designed impellers and baffles
cannot achieve a similar mixing performance to the well-designed continuous flow
systems.63 For a detailed consideration of mixing in chemical reactors see refs 81 and 80.
It is worth mentioning that an essential factor in choice of a mixer in an industrial
environment is energy dissipation rate ε, W kg-1, that can be understood as the amount of
energy utilised for mixing. When comparing two mixers characterised by a similar time to
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99% mixing, the choice of a suitable technology is based on the amount of energy that must
be delivered to achieve it. Thus, mixers characterised by a lower energy dissipation rate are
preferred.81
To quantify the influence of mixing on the measured kinetics the Damköhler number, Da,
can be used.87 The Damköhler number is defined as a ratio of the reaction rate relative to
the mass transport rate, Equation ( 26 ),

𝐷𝑎 =

𝑟
1

( 26 )

𝑡99%

where 𝑟 represents the reaction rate (s-1), and 𝑡99% (s) denotes the time required for 99%
mixing.
Generally, for the Da numbers lower than one, the process is reaction rate limited. When
the Da number is greater than one, experimentally measured reaction rates are controlled
by the mass transport.
The liquid-gas mass transfer at the molecular level, similarly to the liquid-liquid systems,
is governed by diffusion. The flux of the gas stream to the liquid, Ng, in the quasiequilibrium state can be expressed using, for example, the two-film theory, Equation ( 27
),

𝑁𝑔 = 𝑘𝑔 (𝑐𝑔 − 𝑐𝑔𝑖 ) = 𝑘𝑙 (𝑐𝐿𝑖 − 𝑐𝐿 )

( 27 )

where, kg and kL are the mass transfer coefficients respectively for the gas and the liquid
side, cg and cL are respectively the concentration of the gas reactant in bulk of the gas and
the liquid phase and cgi and cLi are respectively the concentration of the gas reactant at the
interfacial layer at the gas and the liquid side.
The two-film model assumes: operation in a steady state, that the interface between the gas
and the liquid phase is a sharp boundary, that the laminar film exists at the interface on both
sides of the interface, that there is a negligible resistance to mass transfer across the
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interface and that bulk of the gas and the liquid is ideally mixed. It is worth mentioning
that cLi represents a saturated solution of the liquid phase. The ratio between cgi and cLi is
equal to Henry’s law coefficient for the investigated system, Equation ( 28 ).88,89

Figure 2.2-1. The concentration profile of the gas reactant in the gas-liquid mass
transfer in the quasi-equilibrium state of the reaction.

𝑘𝐻 =

𝑐𝑔𝑖
𝑐𝐿𝑖

( 28 )

For non-equilibrium systems, the change of concentration of a gaseous reactant in the liquid
phase can be expressed as Equation ( 29 ) or Equation ( 30 ),

𝑑𝑐
= −𝑘𝑔 𝑎(𝑐𝑔 − 𝑐𝑔𝑖 )
𝑑𝑡

( 29 )

𝑑𝑐
= 𝑘𝑙 𝑎(𝑐𝑙𝑖 − 𝑐𝑙 )
𝑑𝑡

( 30 )

where a (m2) is the interfacial area.
The volumetric mass transfer coefficient, kLa (s-1), is a convenient metric to compare
reactor systems in terms of the gas-liquid mass transfer. For a gas-liquid microreactor
operating in the slug-flow regime, kLa varies between 0.3 and 21 s-1. Conventional stirred
tanks are characterised by kLa between 0.03 and 0.4 s-1.90
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Clearly, the main factors governing the mass transfer between gasses and liquids are
interfacial area, gradient of concentrations and equilibrium solubility. According to
Henry’s law, equilibrium concentration of the gaseous reactant in the liquid phase is
directly proportional to partial pressure of the reactant in gaseous phase and to Henry’s law
coefficient, being a unique function of temperature for the solvent-solute system. Thus,
without changing the solvent, one can influence solubility of the gaseous reactant by
lowering the temperature of the system or increasing the partial pressure of the gaseous
reactant. While the temperature often cannot be lowered without slowing down the reaction
significantly, an increase in pressure, especially for flow systems, is feasible. To enhance
the rate of mass transfer, thus, to reach the equilibrium faster, the interfacial area should be
increased. For continuous systems, the interfacial area is a complex function of flow-rates
of the gas and the liquid phase.91 The commonly used in small-scale flow processes annular
and slug-flow regimes generate an interfacial area in the range of 700 m2 m-3 for annular
flow and up to 18 000 m2 m-3 for slug flow regime.65 These values are usually sufficient to
operate within concentrations of gaseous reactants in the liquid phase close to saturation.
Operation in round-bottom flasks often precludes applying high pressures. Thus a solubility
of gasses in liquids is severely lowered. Additionally, the interfacial area varies between
107 m2 m-3 for a typical 5 ml flask when the liquid is static and only 35 m2 m-3 for a 250 ml
assuming static liquid phase.65 This results in a slow mass-transfer and can cause operation
far from the equilibrium concentration. To address the low surface area, an additional
delivery of gasses is often introduced. Gas injectors located at bottoms of reactors generate
bubbles travelling vertically through the liquid phase increasing the contact area between
the gas and the liquid phase.
An another disadvantage of batch reactors is a significant head-space where toxic or
explosive gasses can accumulate causing safety concerns. In flow reactors, the head-space
hardly exists. Thus no accumulation of dangerous gaseous reactants occurs.
Owing to the fact that liquid-solid systems were not a focus of the thesis, a detailed
theoretical consideration of this aspect is omitted. Generally, the ratio of the mass transfer
between a solid and a liquid phase is directly proportional to the surface area of the solid.
Hence, it is usually beneficial to use small solid particles of a narrow size distribution. It is
worth noticing that fine, well-packed particles generate a significant pressure drop in the
reactor system. Thus, too small particles can prove to be impractical. Three general types
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of solid-fluid reactors are used, pack-bed, fluidised-bed and mixed-bed. Packed-beds are
characterised by the entire column filled with a solid material so that the particle movement
is restricted. In a fluidised-bed reactor, the suspended within the channel particles are freeflowing owing to the turbulent flow of the liquid phase. Mixed-beds are a combination of
a packed bed and a fluidised bed. The movement of the solid at the bottom of the reactor is
restricted, while the top layers are suspended and mixed via the flowing liquid phase. The
hydrodynamics of flow through solid-liquid reactors are complex and are outside the
literature review. For a detailed description of liquid-solid systems see refs 92 and 93.

2.2.2. Residence time distribution
Non-ideal, continuous reactor systems are characterised by unique probability distribution
functions describing the time an element of the reaction medium spends in the reactor. Such
functions, called residence time distributions, are inherent characteristics of mixing and
flow patterns within the reactors. The fact that different elements of the reaction mixture
spend different time in the reactor may result in an inconsistent yield between different
elements of fluid. Thus, the understanding of the residence time distribution is crucial in
reaction engineering.
Two ideal reactor systems are often considered in terms of the residence time distribution,
i.e. a continuous-stirred-tank reactor (CSTR) or its cascade and a plug-flow reactor.
An ideal CSTR is assumed to be an ideally mixed reactor vessel with an inlet and an outlet,
where reaction media are being constantly passed through the reactor. The residence time
of such a model can be expressed as Equation ( 31 ), Figure 2.2-2a.

𝐸(𝑡) =

1 −𝑡
𝑒 𝜏
𝜏

( 31 )

where 𝜏 (s) is the expected residence time of the reactor and t (s) is the time.
The expected residence time is calculated based on the volume of the reactor, V (m3), and
the flow rate, F (m3 s-1), Equation ( 32 ).
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𝜏=

𝑉
𝐹

( 32 )

The residence time distribution of the ideal plug-flow reactor, being a model of the ideal
flow through a pipe characterised by ideal radial mixing and non-existent axial mixing, is
represented as a Dirac delta function at 𝜏, Equation ( 33 ), Figure 2.2-2b.

𝐸(𝑡) = 𝛿(𝑡 − 𝜏)

( 33 )

Figure 2.2-2. Residence time distribution of a pulse experiment for the ideal (a) CSTR;
(b) plug-flow reactor.

The residence time distributions of non-ideal systems are influenced by deviations from
ideal models, i.e. non-ideal mixing and flow patterns, Figure 2.2-3.

Figure 2.2-3. Residence time distribution of a pulse experiment for non-ideal (a) CSTR;
(b) plug-flow reactor.
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The residence time distribution of non-ideal CSTRs is often being measured experimentally
using either pulse experiments, namely introduction of a small volume of a concentrated
tracer at the inlet of the reactor and monitoring the corresponding signal at the outlet.
Alternatively, step experiments, where the residence time distribution is investigated by
rapidly changing the concentration of the tracer and monitoring the response of the system,
can be used.
The mass balance of non-ideal plug-flow reactors can be expressed by Equation ( 34 ):

𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = 𝑖𝑛 − 𝑜𝑢𝑡

( 34 )

alternatively, as Equation ( 35 )

𝐴𝑐 𝜕𝑥

𝜕𝐶𝑖
𝜕𝐶𝑖
= (𝑢𝐴𝑐 𝐶𝑖 − 𝐴𝑐 𝐷𝑎
)
𝜕𝑡
𝜕𝑥
𝜕𝐶𝑖
𝜕𝐶𝑖
− [(𝑢𝐴𝑐 𝐶𝑖 − 𝐴𝑐 𝐷𝑎
) + 𝜕 (𝑢𝐴𝑐 𝐶𝑖 − 𝐴𝑐 𝐷𝑎
)]
𝜕𝑥
𝜕𝑥

( 35 )

where Ac (m2) is the cross-sectional diameter of the reactor, x (m) represents the axial
position, u (m s-1) denotes the linear velocity, Ci (mol dm-3) is the concentration of the tracer
and Da (m s-1) corresponds to the axial dispersion coefficient.
Assuming that linear velocity and axial dispersion coefficient are constant, the Equation
( 35 ) takes the form of Equation ( 36 ).

𝜕𝐶𝑖
𝜕𝐶𝑖
𝜕 2 𝐶𝑖
+𝑢
= 𝐷𝑎 2
𝜕𝑡
𝜕𝑥
𝜕𝑡

𝑡

If 𝜃 = 〈𝑡〉 =

𝑡𝑢
𝐿

𝑥

𝐿𝑢

( 36 )

; 𝑋 = 𝐿 and 𝑃𝑒 = 𝐷 where L is the length of the reactor (m) the Equation
𝑎

( 36 ) can be written as Equation ( 37 ):
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𝜕𝐶𝑖 𝜕𝐶𝑖
1 𝜕 2 𝐶𝑖
+
=
𝜕𝜃 𝜕𝑋 𝑃𝑒 𝜕𝑍 2

( 37 )

where Pe is Peclet number. Peclet number, being a dimensionless number defined as a ratio
of the advective mass transport and the diffusive mass transport, is obtained from
correlations or measured experimentally.
For a pulsation experiment Equation ( 37 ) can be expressed as Equation ( 38 ).

𝑃𝑒 0.5
−(1 − 𝜃)2 𝑃𝑒
𝐸(𝜃) = (
) exp [
]
4𝜋𝜃
4𝜃

( 38 )

The behaviour of a non-ideal plug-flow reactor can be approximated using the model of the
ideal cascade of CSTRs having the same total volume as the investigated non-ideal plugflow reactor. The residence time distribution of the ideal cascade of CSTRs can be
expressed mathematically as Equation ( 39 ):

1 𝑡 𝑁−1 𝑁 𝑁
𝑡𝑁
𝐸(𝑡) = ( )
𝑒𝑥𝑝 [− ]
(𝑁 − 1)!
𝜏 𝜏
𝜏

( 39 )

where N is the number of CSTRs. This number must be obtained experimentally. For 𝑁
going to infinity, the Equation ( 39 ) will represent the residence time distribution of the
ideal plug-flow reactor.
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2.2.3. Heat transfer
The smaller dimensions of flow reactors not only allow the more controlled mass transfer.
They also enhance the energy transfer that plays a similarly important role in controlling
the selectivity. Furthermore, an ability to efficiently remove heat from the reaction mixture
allows expanding the range of conditions that can be used experimentally. Utilizing the
flow technology allows running highly exothermic reactions in a much more controlled
fashion even at higher temperatures should this benefit the kinetics.
While the heat generation or consumption is an inherent characteristic of the process and
can be expressed using adiabatic temperature rise, ∆𝑇𝑎𝑑 (K), Equation ( 40 ), the delivery
or removal of the heat from the reaction system is determined by the reactor and process
parameters. The heat transfer from the reaction is governed by thermal conductivity of the
reactor walls and their surface area, Equation ( 41 ),

∆𝑇𝑎𝑑 =

∆𝐻𝑛𝑒𝑡
𝑚𝑡𝑜𝑡𝑎𝑙 𝐶𝑝,𝑟

( 40 )

where ∆𝐻𝑛𝑒𝑡 (J) is net heat evolved in the course of the reaction, 𝑚𝑡𝑜𝑡𝑎𝑙 (mol) is total
content of the reactor, 𝐶𝑝,𝑟 (J mol-1 K-1) is cumulative molar heat capacity of the reaction
mixture.

𝑄=

𝑘𝐴(𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑 )
𝑑

( 41 )

where k (W m K-1) is thermal conductivity of the barrier, i.e. reactor walls, A (m2) is heat
transfer area, Thot and Tcold (K) are respectively temperatures of the hot and the cold side of
the system, d (m) denotes thickness of the reactor walls.
Finally, the temperature profile inside the reactor is a function of mixing and flow pattern.
Thus, to avoid generation of hot-spots inside the reactor, a sufficient mixing must be
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provided to allow an adequate conductive or convective heat transfer in the reaction
mixture.
The ratio of the heat generated and the heat removed from the reactor can be expressed as
𝛽𝑏𝑎𝑡𝑐ℎ for batch systems, Equation ( 42 ), and 𝛽𝑓𝑙𝑜𝑤 , Equation ( 43 ), for flow reactors.63

ℎ𝑒𝑎𝑡 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 ∆𝐻𝑛𝑒𝑡 𝑑𝑟𝑒𝑎𝑐𝑡𝑜𝑟
=
ℎ𝑒𝑎𝑡 𝑟𝑒𝑚𝑜𝑣𝑒𝑑
6∆𝑇𝑎𝑑 ℎ

( 42 )

2
ℎ𝑒𝑎𝑡 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 ∆𝐻𝑛𝑒𝑡 𝑑𝑟𝑒𝑎𝑐𝑡𝑜𝑟
=
=
ℎ𝑒𝑎𝑡 𝑟𝑒𝑚𝑜𝑣𝑒𝑑
4∆𝑇𝑎𝑑 ĸ

( 43 )

𝛽𝑏𝑎𝑡𝑐ℎ =

𝛽𝑓𝑙𝑜𝑤

where dreactor (m) is the diameter of the reaction vessel or reaction tube, h (W m K-1) is the
convective mass transfer coefficient, and ĸ (W m K-1) is the thermal conductivity of the
reaction mixture. While ĸ can be conveniently measured, h is a function of mixing and can
be estimated using correlations.94,95
For both reactor types, i.e. flow and batch, 𝛽 should be lower than one to assure efficient
heat removal or delivery. Hartman et al. demonstrated the importance of a well-designed
reactor system in terms of the energy transfer by providing two examples where 𝛽 was
considerably lower than one for both, the batch and the flow process, and another example
where 𝛽𝑏𝑎𝑡𝑐ℎ was higher than one and 𝛽𝑓𝑙𝑜𝑤 lower than one.63
The organocatalytic aldol reaction reported by Odedra and Seeberger96 characterised by a
modest heat of reaction proved to have the 𝛽 values of approximately 1x10-2 for batch and
4x10-4 for flow. As verified by Valera et al.,97 the results from batch and flow are virtually
identical, thus a superior heat transfer should not be used as a trigger to conduct this process
in flow. On the other hand, for a selective lithiation of 1,2-dibromobenzene with a
subsequent electrophilic addition reported by Usutani et al.,98 operation in a microreactor
resulted in the 𝛽 value of approximately 0.2 and 6.3 for a corresponding batch process. As
expected, operation in flow resulted in a much higher yield and selectivity.63
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2.2.4. Photons and electrons
Reduced dimensions of flow reactors do not only enhance mass and energy transfer but
also enable chemists to efficiently harvest alternative ways to excite molecules.
Photochemical processes require delivery of photons to molecules to form excited states.
The excited molecule can either return to the ground state, rearrange and form by-products
or react and form a product. Photoredox-catalysis utilises a yet another route, the electron
transfer chemistry.99
The main obstacle to an intensification of the photoredox-catalysis is the short-lived nature
of the excited state. Should the excited state not find an acceptor of the electron, it rapidly
fluoresces and returns to the ground state. Owing to the short-life of excited states, it is
important to efficiently and uniformly deliver photons of light to the reaction medium.
Furthermore, an efficient mixing is required to enable a uniform concentration profile of
reactants.100
According to the Beer-Lambert Law, the attenuation of light is a linear function of the
concentration of the molecule being excited, c (mol m-3), its attenuation coefficient, ε (m2
mol-1), and the length of the light path l, (m), Equation ( 44 ).

𝐴 = 𝜀𝑐𝑙

( 44 )

Thus the transmittance, A, is reversely proportional to the length of the light path, Figure
2.2-4.
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Figure 2.2-4 Transmittance as a function of the path length and concentration of the
photoredox catalyst. The dashed vertical dashed line represents the inner diameter of a
0.02” tubing. Reproduced from ref. 71.

Owing to the fact that, for the commonly used catalyst concentrations, less than 40% of
light is transmitted past a length of 0.1 cm, typical batch or semi-batch reactors equipped
with immersion lamps are severely inefficient. However, when a shorter light path is used
as a consequence of employing flow chemistry technology, a much greater efficiency can
be achieved, see the dashed line in Figure 2.2-4.
Similarly, the electrochemistry, where the distance between the electrodes is crucial for an
efficient transfer of charge, benefits from the technology brought by the flow chemistry.101
During an electrochemical process, molecules are being reduced at the cathode and
oxidised at the anode. To the main challenges of electrochemistry, one can include a
nonuniform potential across the working electrode and a high electrical resistance of the
reaction media.102 While the nonuniform potential can be circumvented via a careful
placement of electrodes in the reactor system, the issue of the low conductivity of the
reaction media cannot be easily solved without using large amounts of electrolytes,
changing the solvent or increasing the voltage. However, employing the flow chemistry
tools, namely reducing the distance between the electrodes, it is possible to overcome the
problem with the low conductivity owing to the directly proportional relationship between
the electric resistance of the reactor media and the distance between electrodes. This allows
a reduction, or even total removal, of the electrolyte from the reaction media and reduces
the Joule heating owing to the much smaller currents used. Furthermore, the
electrochemical transformations often involve the evolution of gasses, that can form
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bubbles on the surface of the electrodes and reduce their efficiency, in the flow systems,
the gas forms slugs resulting in the Taylor flow within the channel, that increases the mass
transfer within the system. Thus, it may be beneficial for the reaction.103

2.2.5. Pressure, temperature and supercritical fluids
Previous chapters described some of the benefits of smaller dimensions of the flow
chemistry tools with a comparison to the classical batch chemistry. However, the flow
chemistry offers also an easy access to harsh conditions such as elevated temperatures and
pressures. These conditions, inaccessible for a classical round-bottom-flask, allow chemists
to accelerate their reactions using high temperatures and, owing to easily generated back
pressures, use classical solvents greatly above their boiling points at the atmospheric
pressure. This may also allow avoiding the use of solvents at all and operate using neat
reactants. Increasing pressures even further allows implementation of new, unconventional
solvents such as supercritical fluids; especially supercritical carbon dioxide proved to be
successful and found many applications. Easy separation and recyclability of the solvent
upon reduction of pressure greatly decrease formation of chemical wastes and accelerates
purification.64,67
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2.2.6. Types of reactors
The commonly used laboratory scale flow reactors can be divided into three groups: chips,
coils and pack bed reactors, Figure 2.2-5. While the first two, i.e. chip and coil based
reactors, are usually implemented for processes exclusively involving fluids and the main
difference between them is the scale of operation, packed-bed reactors are the best suited
for reactions employing heterogeneous catalysts.

Chip-based

Coil

Packed-bed

Figure 2.2-5. Commonly used types of flow reactors.

The chip-based units are characterised by the smallest width and depth dimensions in the
range of micro or even nanometers. An increased length scale leads to an increased surfaceto-volume ratio up to 10 000 m2m-3 or even 50 000 m2m-3.70,71 Hence, mass and heat transfer
are significantly enhanced. The mass transfer can be further increased by, easy to
implement into designs, mixing sections. The chip-based reactors are usually manufactured
from polymers, silicon, glass, ceramics or steel.70,71 Despite their excellent mass and energy
transfer, the microreactor based systems are subjects to rapid clogging especially in case of
processes involving formation or handling of solids. An another drawback of the chip-based
microreactors is their significant cost. The affordable realisations of microreactors made,
for example, using the 3D printing technology are generally not chemically resistant. Thus,
their use is very limited. Some work has been done on propylene-based 3D printed
microreactors.104 Despite a larger chemical resistance of polypropylene, they still cannot
compete with silicon or glass based microreactors. Finally, owing to the width and depth
dimensions in the range of micrometres, it may be challenging to scale-up the chip-based
reactors. Long microchannels generate significant pressure-drops, thus are impractical. A
possible solution is scaling-out. This means operation on a number of identical reactors in
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parallel. Nevertheless, the scale-out strategy is challenging in realisation. Namely, it is
problematic to provide a uniform distribution of flow rates across a number of reactors.71
The coil-based reactors are arguably the most affordable and the simplest. Reactor coils are
usually made out of fluoropolymers (PTFE, PFA, FEP) or metals (steel, copper) with
internal diameters (IDs) in the range of 1/32" to 1/4". While most of these materials is
characterised by a high chemical resistance, their applications are limited by the
temperature and pressure rating. The polymer-based coils are suitable for processes with
temperatures below 150 ºC and, depending on the thickness of the wall and the ID of the
tube, pressures in the range of 5-20 bar(g). For more challenging conditions it is common
to implement the metal based reactors. Stainless steel reactor coils are particularly popular
amongst practitioners. For a long-term exposure to highly corrosive materials, Hastelloy is
often used owing to its superior chemical resistance. The copper-based reactors found
unique applications owing to their rather high chemical reactivity. They are employed not
only as reactors but also as catalysts or heterogeneous precursors of catalysts or other
reactants.105 This aspect of the copper-tube-flow-reactors (CTFR) will be a subject of a
separate chapter, Chapter 2.2.7. Similarly to the chip-based reactors, the tubular reactors
are prone to clogging. Several techniques have been used to address this issue including
treatment with ultrasounds that precludes formation of large agglomerates,106 however,
clogging remains the main disadvantage of the tubular reactors.
Processes involving heterogeneous catalysts or other heterogeneous reactants are usually
conducted in the pack-bed reactors. The commercially available pre-packed catalyst
columns are commonly applied, for example, to hydrogenation reactions.65 This type of
reactors, prevalent in industrial applications, is the method of choice for heterogeneous
catalysis in flow. To the disadvantages of the pack-bed reactors, one can include the
chromatographic effect, namely the difference in the residence time of different compounds
that results from the bed-compound interactions.107
An another frequently used type of flow reactors is a miniature representation of a series of
continuously stirred tank reactors (CSTRs). Commercially available systems produced, for
example, by AMTech and Cambridge Reactor Design as well as systems reported by
Jensen108 and by Blacker109 provide researchers with easy to use flow systems. To the main
advantages of cascades of CSTRs one can include ability to handle solids as well as access
to longer residence times.
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2.2.7.Copper-tube flow reactors
While the majority of the flow chemistry technologies is characterised by an excellent
chemical resistance, one type of reactors benefits from its chemical reactivity. Processes
performed in the copper-tube flow reactors (CTFR) became an interesting alternative to the
usually heterogeneous copper catalysed batch processes owing to the fact, that the reactor
walls can serve as a convenient heterogeneous precursor for the copper-based catalysts.
Thus, for such processes, there is no need for additional dosing of solid copper catalysts or
using pack-bed reactors. Furthermore, the excellent thermal conductivity of copper allows
rapid heating or cooling of the reactor.110 Hence, CTFRs are suitable for high-temperature
applications. A relatively large surface-area-to-volume allows operation at high catalysts
concentrations. Thus, when comparing with inert reactors with Cu feeding, faster
conversions over a short reactor length can be achieved. Despite the advantages of CTFRs
that allow the reduction in the number of phases, CTFRs are criticised owing to the
significant copper leaching from the reactors.105
CTFRs were successfully implemented to 1,3-dipolar cycloadditions, macrocyclisations,
Sonogashira couplings, Ullman-type reactions and decarboxylations.105 Recently Gemoets
et al. implemented a CTFR in their modular flow design for the meta-selective C–H
arylation of anilines.111 The last step of the process involved an extraction of the leached
copper using an aqueous solution of ammonia. This was necessary owing to a high copper
concentration, up to 5000 ppm, in the spend reaction mixture.111
Besides classical CTFRs, copper based reactors are also frequently used as extendedchannel length microfluidic electrolysis cells.101,103 In those, metallic copper is used as a
material for a cathode or an anode or both.

2.2.8. Integrated processes
Syntheses of complex chemical compounds rarely involve only one reaction. Typically, a
total synthesis or functionalisation of precursor molecules require a multi-step approach
including, besides core processes, for example, an installation and removal of protecting
groups, solvent changes and isolations of intermediates. The traditional approach to the
multi-step synthesis proceeds through a set of discrete operations done iteratively, Figure
2.2-6a. Such approach promotes the use of auxiliary processes, such as solvent changes or
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purifications of intermediates, thus, results in a large number of steps that, ideally, should
be removed. Alternatively, multi-step chemical processes can be performed in an integrated
fashion, where the number of secondary steps, such as isolations, is reduced to a minimum,
Figure 2.2-6b. The integrated approach, inspired by multi-step biosynthetic pathways
prevalent in nature,112 is often being conveniently performed as a continuous flow process
merging multiple synthetic steps into a single uninterrupted chain.

Figure 2.2-6. Multi-step synthesis approaches. Based on ref. 113.

The benefits of telescoped, multi-step syntheses of complex molecules have been
demonstrated by, for instance, Tsubogo et al. who developed a multistep continuous-flow
synthesis of (R)- and (S)-rolipram.114 The gram scale-synthesis of the APIs has been
performed using exclusively heterogeneous catalysts employing pack-bed reactors. A
diligent selection of chemical transformations led to minimisation of solvent changes and
reduced formation of by-products. This allowed circumventing the need to isolate
intermediates.
Adamo et al. exploited the modularity of flow chemistry to perform an on-demand
continuous-flow production of pharmaceuticals in a compact, reconfigurable system.115
Combining downstream operations, core-processes, as well as upstream steps and
enclosing them in a “fridge-size” container, allowed a drastic reduction of the footprint of
the setup. The system was tested on several APIs including lidocaine hydrochloride,
diazepam and diphenhydramine hydrochloride.
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The modularity of flow chemistry can be combined with advantages of batch chemistry and
used in a hybrid approach. Implementation of batch and flow technologies in the same
process enables engineers to benefit from advantages of these two approaches. Fitzpatrick
and Ley demonstrated the utility of this approach in the synthesis of 5-methyl-4propylthiophene-2-carboxylic acid.116 Other reports of merging flow and batch processing
include formation of aryl fluorides117, sequential C–C bond formation118, preparation of
homoallylic alcohols119 and cyclopropanation using in-situ generated diazo compounds.120
Besides the above-mentioned advantages of continuous flow integrated processes, such
technology provides researchers with a tool to handle unstable or acutely toxic reagents.
For example, the Yoshida group utilised telescoped flow processes to handle organolithium
compounds.69 A similar approach was applied to the in-situ generation of other unstable
organometallic compounds such as Grignard reagents. Furthermore, in-situ generation of,
among others, diazomethane, phosgene, azides and cyanides has been reported.66
An interesting approach to the multi-step organic synthesis using solid-supported reagents
has been developed by the Ley group.121,122 Various reactants, immobilised on solid
supports, can be conveniently used as a molecule assembly technology. If properly
designed, such approach should yield a virtually non-existent generation of by-products.
Thus purification steps can be omitted.
An integration of discrete steps of synthesis of complex molecules into one continuous
process can bring a significant added value in terms of economy, safety and time-scale of
the process. Additionally, such technique allows in-situ generation of unstable or hazardous
reagents. Despite all of this, still much work needs to be done to extend the utility of the
integrated flow processes. Efficient techniques of handling solids, continuous purification
techniques as well as better control over dispersion need to be developed. Detailed reviews
on integrated continuous-flow processes can be found in the literature.68,70,113,121–124

2.2.9.Scaling of continuous processes
Scaling of chemical batch processes is a nontrivial task that often requires extensive trialand-error tests. Several commonly used scale-up criteria for the geometrically similar
reactors have been developed and used across the industry and academia, Table 2.2-1.
These criteria allow maintaining a particular feature of the reaction system constant
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however, they are mutually exclusive, Table 2.2-2. Additionally, scaling of a reaction in
batch often reveals scale-dependant phenomena that do not play a significant role in the
smaller-scale experiments, such as formation of by-products as an effect of differences in
mass or energy transfer. Owing to this, scale-up of batch reactors requires significant
practical experience as well as thorough knowledge of the process and the influences of the
process parameters on the process outcome.

Table 2.2-1. Examples of scale-up criterions for stirred tank reactors. Based on ref. 88.
Criterion name

Example of processes

Constant energy dissipation Solid distribution;
rate
Constant mixing time

Fast reactions

Constant impeller tip speed

Liquid blending

Constant Reynolds number

Reactions that require good

Physical meaning
P
= const
VL
N = const
Uimp = const
Re = const

heat transfer
Constant multiphasic mass Gas-liquid or liquid-liquid
transfer coefficient

kLa = const

reactions

P – power utilised for mixing, W; VL – volume of the reaction media, m3; N – frequency of
impeller rotation s-1; Uimp – speed of impeller tip, ms-1; kLa – volumetric mass transfer
coefficient s-1.

Since the focus of the thesis is directed onto continuous processes, scaling of batch reactors
is outside the scope of the literature review. Detailed literature on scaling-up of batch
processes is available.80,125–128
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Table 2.2-2. Relative changes of reactors parameters in the scale-up procedure. Based on
ref. 88.
P2
P1

P
(V)
2
P
(V)
1

N2
N1

Uimp

2

Uimp

1

P
= const
VL

1000

1

0.215

21.5

0.0215

N = const

100000

100

1

10

100

Uimp = const

100

0.1

0.1

1

10

Re = const

0.1

0.0001

0.01

0.1

1

Parameter
change
Criterion

𝑅𝑒2
Re1

Scaling of continuous processes is performed differently. The easiest way to produce larger
amounts of a product is longer operational time, owing to the fact that the amount of product
is often a linear function of time. Other strategies involve increasing the length or/and the
diameter of the flow reactor or scaling-out.
Using longer operational times is the simplest and the safest strategy since parameters of
the process remain unchanged. Hence, it is unlikely to observe any, previously unknown,
scale-dependant phenomena when applying this approach. Nevertheless, the longer
operational times are often impractical and do not allow a significant increase in the scale
of the process.
Increasing dimensions of the reactor is arguably the most commonly used strategy. Yet it
comes with significant disadvantages. Increasing the length of the flow rector, whether
pack-bed or tubular, while maintaining the diameter unchanged, increases the pressure drop
in the system, ∆𝑝 (Pa), ( 45 ).

∆𝑝 = 𝜆

𝐿 𝜌𝑢2
𝐷 2

( 45 )

where 𝜆 is the Darcy friction factor, L (m) is the length of the reactor, D (m) is the hydraulic
diameter of the reactor, u (m s-1) is the mean velocity of the flow.

- 52 -

Chapter 2

Literature review

Thus, the pressure drop is directly proportional to the reactor length. Large values of the
pressure drop require higher pumping costs and result in much higher energy consumption.
On the other hand, increasing the horizontal dimensions of the system, namely the diameter
of the reactor, significantly influences mixing and heat transfer performances of the reactor
system. The larger diameter results in a longer diffusion time. Thus slower mixing, and
larger discrepancies from the ideal plug-flow regime. Hence, at scale, the reaction system
may behave significantly differently compared with the small-scale realisation.
An another approach to increasing the scale of the continuous processes is scale-out. This
means numbering up of identical reactors. Such strategy allows maintaining dimensions of
the individual reactors equal to the small-scale implementations. Thus, no unpredicted
scale-dependant phenomena should be discovered. Nevertheless, the scale-out requires a
complex flow distribution and elaborate reaction monitoring methods.72,129 A detailed
analysis of flow distribution in different microreactor scale-out geometries can be found in
ref. 130.
Generally, design and scaling of chemical processes either in batch or in flow requires
extensive knowledge of the reaction. When all physical and chemical phenomena
underpinning the behaviour of the reaction system are known, and ideally quantified, the
scale-up procedure can be safely performed. However, when the understanding of the
process is limited, the scale-up of batch processes requires extensive trial and error
procedure. The flow processes, even when the knowledge of the reaction is limited, should
be easier to scale owing to the fact that the changes of process parameters, such as, for
example, mixing and temperature profile, are significantly lower than in batch.
Nevertheless, before a scale-up of a process is performed, one should gain as much
information on the process as possible.
Furthermore, flow chemistry is a convenient tool for scaling-down of chemical processes
what may be valuable at the stage of reaction discovery thanks to lower consumption of
reagents.
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Summary

The chapter provided an overview of advantages of flow chemistry over classical batch
synthesis. The benefits of the increased surface area to volume ratio such as accelerated
mixing and superior energy transfer combined with safety aspects, scalability and
possibilities of running integrated processes in flow resulted in an increased interest in the
flow technology. Furthermore, flow reactors can bring a significant added value to the
automation of organic chemistry.
However, despite its advantages, flow chemistry still cannot compete with flexibility and
versatility of batch reactors, that can serve as not only reaction vessels, but can also
accommodate work-up steps such as, among others, extractions. Furthermore, the same
round-bottom flask can be used for isolation of final compounds via crystallisation or even
distillation. Flow reactors are commonly designed for only one specific application. Thus,
in an academic environment, the CAPEX is usually much higher. Additionally, issues with
handling of solids and some aspects of scaling-up, especially for reactions characterised by
long residence times, limit the scope of applications of the flow chemistry. Finally, startup and shut-down procedures for continuous flow processes can be complex, and much
attention must be paid to their development.
Keeping in mind advantages and disadvantages of flow chemistry, it is important to realise,
that this technology is only one of the tools of reaction engineering. A diligent choice of
the appropriate technology, whether continuous or batch, should be made based on the
available process knowledge. Tools and strategies for developing of process knowledge are
discussed in detail in Chapter 2.1.
Several flow-charts has been developed to aid researchers in the choice of the appropriate
technology for the investigated process.63,71,97 Based on these, and personal experience, an
extended decision-tree is suggested in Figure 2.2-7.
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Figure 2.2-7. Decision diagram for continuous processing. Based on ref. 71.
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2.3. Palladium catalysed C–H activation reactions
Over the last several decades, strategies for the synthesis of organic compounds have
undergone

a

tremendous

change.

Inefficient

and

unsustainable

non-catalytic

transformations found numerous alternatives in environmentally and economically superior
catalytic transformations. Owing to the significant advantages of catalytic transformations,
they found a plethora of applications in many aspects of organic chemistry in both industry
and academia. However, a catalytic functionalisation often requires a pre-functionalisation
of the substrate via replacement of unreactive C–H bonds with carbon-halogen bonds or
introduction of other suitable leaving groups. This results in significantly longer synthetic
routes and an increase in cost. Nevertheless, the functionalisation of molecules via, for
example, C–O, C–N or C–C bond formation using catalytic processes based on C–X bond
functionalisations, such as Suzuki-Miyaura coupling, Buchwald–Hartwig amination or
Sonogoshira coupling, found numerous applications in industrial syntheses of fine
chemicals and pharmaceuticals.131 However, circumventing the problem of the prefunctionalisation of the substrates would yield shorter, greener and more industrially
appealing routes. Yet, it cannot be achieved without an efficient strategy for a selective
functionalisation of one of the most unreactive bonds, the carbon-hydrogen bond.
First reports of non-catalytic functionalisations of C–H bonds via insertion of transition
metals into the C–H bonds resulting in C–[TM] bond being available for further
functionalisation were published several decades ago.132,133 Within the last decade, a
significant number of catalytic C–H functionalisations utilizing transition metals such as
palladium, platinum, ruthenium, rhodium, copper, nickel or even iron was described in the
literature and gained an unprecedented attention within the scientific community.134–138
Palladium salts, in particular, have enjoyed a great deal of success in effecting C–H
activation reactions, especially for reactions under milder conditions.
However, to be able to functionalize the molecules selectively, the strategies for
differentiating between numerous C–H bonds are required. The most commonly used and,
arguably, the most successful strategy proved to be the functional-group-directed C–H
activation, Scheme 2.3-1. Lewis basic heteroatoms within the directing motif, based on
their coordinating ability, can attract transition metal catalysts and direct the metal onto the
selected C–H bond being adjacent to the heteroatom.
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Scheme 2.3-1. Schematic representation of the directing group effect on a palladium
catalysed C–H bond activation.

Other strategies include, among others, steric modifications of the metal centre of the
catalyst allowing it to access only selected C–H bonds.139 However, this strategy requires
a precise design of the catalyst collectively with its ligands.
The following chapter focuses on the functional-group-directed C(sp3)–H activation of
secondary aliphatic amines and C–H carbonylation of the same group of substrates, owing
to the fact, that these families of reactions were of the particular interest in the present work.

2.3.1. C(sp3)–H activation of secondary aliphatic amines
Although many advances have been made in the field of aromatic or aliphatic C(sp2)–H
bonds activation, functionalisation of the less reactive C(sp3)–H bonds in aliphatic
molecules still proves to be a great challenge.140 Due to a lower reactivity of C(sp3)–H
bonds, their activation is often possible only when a polar functional group, such as a
carboxylic acid group,141,142 a heteroarene143 or a hydroxyl functionality,144 is adjacent to
the C(sp3)–H bond. Despite these advances in C(sp3)–H activation, the unprotected
aliphatic amine scaffold, being a common functional group prevalent in biologically active
molecules and fine chemical products, still proves to be challenging in enabling C–H
activation, Scheme 2.3-2. This may be due to several obstacles that can impede the
reactivity.
Firstly and most importantly, a high affinity of transition metals such as palladium to the
unprotected aliphatic amine scaffold results in formation of stable bis(amine)-Pd
complexes. These complexes can be thermodynamically too stable under operating
conditions to allow a release of mono(amine)-Pd complexes that could undergo a C–H
activation, thus their presence can preclude reactions. Additionally, amine substrates are
susceptible to the β-hydride elimination pathway leading towards an oxidative degradation
of the substrate and reduction of the catalyst that, upon precipitation and aggregation, forms
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“palladium black”, an inactive form of Pd0 particles. Furthermore, other polar functional
groups can compete with the amine motif for coordination of the palladium species. This
may lead to a decreased selectivity. To overcome these obstacles, the nucleophilicity of the
nitrogen atom must be adjusted using strongly electron withdrawing groups145 or directing
auxiliaries.146,147 Alternatively, an intensified steric environment can be created in the
proximity to the amine scaffold.148,149

Scheme 2.3-2. C(sp3)-H functionalisation of a secondary amine.

Notwithstanding the demonstrated success of synthetic strategies based in adjusting the
nucleophilicity of the nitrogen atom, the structural and functional modifications
incorporated into amine substrates that are required to enable the C–H activation can, for
some cases, reduce the applicability of the amine products. In the present work, the
investigated C–H activation processes employ an alternative strategy, namely the steric
enabled C(sp3)–H bond activation, thus in the present work attention is paid exclusively to
this strategy.
The literature on C–H activation of aliphatic amines is very limited. Several reports were
made by the Gaunt group where they reported a C–N bond formation leading towards
aziridines,148,150 a C–H arylation of aliphatic amines,151 a cobalt-catalysed C–H
carbonylative cyclisation of aliphatic amines152 and a ligand-assisted palladium-catalysed
C–H alkenylation of aliphatic amines for the synthesis of functionalized pyrrolidines.153
Owing to not so many scientific reports from this field, there is still very little understanding
of the mechanistic and kinetic background of these processes.

2.3.2. C–H oxidative carbonylation
Carbon monoxide can be incorporated into an organic molecule via several strategies:
substitutive carbonylation – a process of substitution of a functional group with a CO-Y
moiety, Scheme 2.3-3a, additive carbonylation – a process of an addition of a form of CO
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to an unsaturated bond, Scheme 2.3-3b, reductive carbonylation – a process of direct
insertion of CO to an organic molecule causing reduction of the starting material, Scheme
2.3-3c, and oxidative carbonylation – a process of direct insertion of CO into an organic
molecule causing oxidation of the starting material, Scheme 2.3-3d.

Scheme 2.3-3. Schematic representation of carbonylation processes. Based on ref. 154.

The last two strategies, namely the reductive and the oxidative carbonylation, were
particularly successful in finding applications in industrial processes and academic reports.
For example, over the last half a century, the transition-metal-catalysed classical, reductive
carbonylation reactions, following first reports of carbonylation of organic halides with CO
by Heck,155,156 attracted a significant interest, resulting in numerous industrial
applications.157 For instance, carbonylation of methanol to acetic acid via the Monsanto
process is a 10 million tonnes per annum throughput process.158 The classical carbonylation
processes also found many applications in the late-stage functionalisation of complex
molecules, for example, the Hoechst process for the synthesis of ibuprofen,159 the reductive
cyclisation of ortho-nitrostyrenes used by MSD in the synthesis of kinase inhibitors160 and
the synthesis of virantmycin.161 The apparent success of the construction of the
synthetically versatile carbonyl group via the addition of CO to an organic molecule may
be due to abundance and low price of CO as well as the excellent atom and step economy
of the carbonylation reactions.
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However, the classical carbonylation processes often require harsh conditions, and their
starting materials, R–X electrophiles, must first be prepared from the corresponding R–H
nucleophiles,157 which severely lowers the step and the atom economy of the whole process.
On the other hand, the oxidative carbonylations offer direct functionalisation of R–H bonds,
eliminating the need to generate the activated substrate.162–164 Despite this obvious
advantage, citing Ullmann's Encyclopaedia of Industrial Chemistry, “An industrial
application of the oxidative carbonylation is not yet in sight”.165 This is due to a notorious
complexity and inefficiency of oxidative carbonylations: the reactions are multiphase,
involve dynamic changes of physicochemical properties of the system during the reaction,
and generally are poorly mechanistically understood. This makes predicting the conditions
for the scale-up highly improbable and the process development requires extensive trialand-error approach. Similar obstacles preclude discovery of new processes. Nevertheless,
due to a great attention paid to development of these reactions, a significant number of
oxidative carbonylations of aromatic and unsaturated aliphatic compounds has been
reported.154,162–164 Yet, a direct functionalisation of alkanes through the C–H oxidative
carbonylation remains challenging due to the much lower reactivity of aliphatic C–H bonds.
Owing to this, very few reports of such processes can be found in the literature. Due to the
focus of the present work being the oxidative C–H activation of aliphatic amines the
attention will be directed to this specific type of substrates.
C–H oxidative carbonylation of aliphatic amines is subject to the same limitations as C–H
activation processes of aliphatic amines listed in the previous chapter. Furthermore, owing
to the heterogeneity of the carbonylation reactions, the physicochemical behaviour of such
systems is an additional complication. Moreover, the acute toxicity of CO raises significant
safety concerns and requires special safety protocols. Some attention has been paid to in
situ generation of CO,166,167 however much work needs to be done to design a robust, costefficient, sustainable and scalable procedure that could potentially compete with the
classical CO delivery from gas cylinders. Additionally, currently generating elevated
pressures of CO using CO precursors is not feasible.
An important report of the oxidative carbonylation of amines is the Orito carbonylation168
giving access to ureas from primary amines and CO, Scheme 2.3-4a, as well as
benzolactams by aromatic carbonylation of secondary amines, Scheme 2.3-4b.
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Scheme 2.3-4. Examples of Orito carbonylation.

Other significant reports include formation of nitrogen-containing heterocycles such as βor γ-lactams. For example, Lui et al. reported a palladium-catalysed oxidative
carbonylation of N-allylamines for the synthesis of β-lactams, Scheme 2.3-5.169

Scheme 2.3-5. Palladium-catalyzed oxidative carbonylation of N-allylamines for the
synthesis of β-lactams.

Further reports of nitrogen-containing heterocycles are available in the literature. A
comprehensive review on this field was published by Beller.164
Moreover, the Gaunt group recently reported a palladium-catalysed C–H carbonylation of
sterically hindered aliphatic amines, Scheme 2.3-6.148

Scheme 2.3-6. Palladium-catalysed C–H carbonylation of sterically hindered aliphatic
amines.
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2.3.3. C–H activation in flow
Due to a relatively small number of reported C–H activation reactions, the development of
continuous processes based on this methodology is in its infancy. Hence, only a handful of
processes have been published. The currently observed significant interest in the field of
continuous C–H activation processes should yield a larger body of literature on this topic
in the near future.
Process design based on the available C–H activation reactions is challenging owing to the
inherent complexity of the reaction systems. With an often limited mechanistic
understanding of new reactions, it is rarely straightforward to determine the best reactor
configuration or predict their behaviour at scale, which can make the design of an optimal
process difficult, regardless of whether it is a batch, a semi-batch, or a continuous process.
Arguably, the first report of a continuous process for a C–H activation reaction was made
by Gemoets et al. for the selective C3-olefination of indoles, Scheme 2.3-7.170

Scheme 2.3-7. C3-olefination of indoles in flow. TFA: trifluoroacetic acid, DMSO:
dimethyl sulfoxide.

Operation in the slug-flow regime enhanced the mass transfer between the gas and the
liquid phase. Thus, significantly accelerated the reaction compared with the initial report
of the batch process; 4 h in batch vs 10 min in flow. The process was tested on ten olefins,
using the same indole scaffold, and five different indoles, using ethyl acrylate as the olefin.
All tested examples resulted in relatively high yields between 27 and 92%. For some
substrates, a longer residence time, up to 20 min, was required.
Moschetta et al. performed a sequential combined C–H functionalisation/Cope
rearrangement reaction in a developed hollow fiber reactor, Scheme 2.3-8.171
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Scheme 2.3-8. C–H functionalisation/Cope rearrangement reaction in a hollow fibre
reactor.

The hollow fibre reactor with an oxide-grafted organometallic rhodium catalyst performed
slightly worse compared with the results obtained using a classical batch protocol with a
homogeneous catalyst.171 However, high TONs exceeding 1000 allow minimisation of the
amount of the catalyst used, thus less precious metals is used in the synthesis.
Erdmann et al. reported a continuous palladium-catalysed aerobic oxidative coupling of
o‑xylene, Scheme 2.3-9.172

Scheme 2.3-9. Continuous palladium-catalysed aerobic oxidative coupling of o‑xylene.
TfOH is trifluoromethyl sulfonic acid, 2-F-py is 2-fluoro-pyridine.

Operation under elevated temperature and pressure allowed a significant reduction in the
reaction time from 17 h down to 40 min. The yield of the flow process was significantly
higher than the one of the corresponding batch process, 8% in batch vs 31% in flow.
However, these improvements were achieved at the cost of 50 times larger catalyst loading,
5 mol% in flow vs 0.1 mol% in batch. The selectivity was also lower, 60% in flow against
88% in batch.
Recently, Gemoets described a modular continuous-flow synthesis of meta-arylated
anilines using diaryliodonium salts.111 The first step of the process involves synthesis of
diaryliodonium salts at remarkably short residence times, Scheme 2.3-10a. Secondly, the
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formed diaryliodonium salts are reacted with the corresponding anilines to form metaarylated anilines, Scheme 2.3-10b. Unlike the batch process developed by Phipps and
Gaunt,173 the developed flow protocol did not require dosing of a copper-based catalyst,
but the catalytically active copper species were in situ generated from the copper-tube flow
reactor (CTFR). Remarkably, the generated products did not require any purification.

Scheme 2.3-10. Meta-selective C-H arylation of anilines. Piv denotes pivalate.

These are, to the author’s best knowledge, all reported examples of C–H activation
reactions performed in flow. Notably, to-date there are no examples of continuous C(sp3)–
H activation of aliphatic substrates and only one example of aliphatic C–H activation
performed in a continuous setup.171

2.3.4. Carbonylation in flow
Similarly to C–H activation reactions, carbonylation reactions in flow are at the very early
stage of development. Only several reports of the flow processes for classical
carbonylations were published and, to the author’s best knowledge, no examples of
oxidative carbonylations performed in continuous-flow systems exist in the literature.
Nevertheless, the potential added value to the process generated by performing such
reactions in flow is significant. The benefits of the continuous processes against the batch
processing in case of the carbonylation reactions include an easier access to elevated
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pressures of CO and elevated temperatures that are often required to increase the efficiency
of the carbonylation processes. Furthermore, operating in flow minimises the reactor
headspace, and hence, lowers the inventory of CO in the reaction system. Additionally, the
continuous flow processes are arguably much easier to control and more reproducible.
The lack of examples of oxidative carbonylations performed in continuous flow setups is
likely due to the heterogeneity of the reaction mixture, namely the presence of the virtually
insoluble copper or silver-based oxidants, as well as CO in the gas phase. Generally, there
are very few examples of multiphase catalytic flow processes that include a continuous
liquid phase, a dispersed gas phase and a dispersed solid phases, as the majority of studies
were performed with a gas-liquid or a liquid-liquid flow through a stationary solid phase.174
However, some work on a co-flow of dispersed solids in a gas-liquid bi-phasic main flow
was reported.175 Nevertheless, such systems are arguably difficult to control and may result
in reproducibility issues. Thus, may be problematic at scale.
A prerequisite to designing of a flow setup for a carbonylation reaction is an ability to
introduce gaseous reactants, mostly CO, to the reactor. There are generally two ways to
achieve this. The classical operation in a multi-phase flow in either the annular or the slug
flow regime proved to be the most versatile for the tubular flow reactors and are the most
commonly applied techniques.65 They provide an excellent mass transfer between the gas
and the liquid phase and are easy to implement. The other possibility is a membrane
contactor system. At the laboratory scale, Teflon AF2400 is frequently employed in the socalled Tube-in-Tube reactors for organic syntheses.176 Teflon AF2400 tubing, owing to its
excellent gas permeability and chemical resistance, is suitable for corrosive gas-liquid
systems. However, the membrane is subject to a rapid clogging, which severely limits the
applications of the Tube-in-Tube reactors.65 Nevertheless, the membrane systems based on
Teflon AF2400 have found numerous applications in research laboratories. Ready-to-use,
commercial reactor systems are now available, for example, the Gastropod Gas-Reaction
Module from Cambridge Reactor Design.
One of the first examples of carbonylation reaction performed in a continuous flow was the
synthesis of N-benzylamides via a carbonylative cross-coupling reaction.177 As the byproduct of the over-carbonylation, α-ketoamide was obtained. This was contrary to the
corresponding batch processes, where only products of the single carbonylation were
observed, Scheme 2.3-11.177 Moderate yields of the process in the range of 12-58% were
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a slight improvement compared with the corresponding batch process (11-25%). Operation
in the annular flow regime provided superior, compared with the corresponding batch
process, gas-liquid mass transfer.

Scheme 2.3-11. Synthesis of N-benzylamides and α-ketoamide via carbonylative crosscoupling.

The same group reported an effective method for a continuous flow carbonylation reaction
using 11C carbon monoxide.178 Employing the same reaction system, they obtained good
yields (23-99%) and radiochemical purities above 70%.
Rahman et al. reported a Pd-catalyzed amidation of aryl iodides with diethylamine and
carbonylative Sonogashira cross-coupling, Scheme 2.3-12 and Scheme 2.3-13.179
Interestingly; the reactions were performed in the ionic liquid ([MBIn]PF6) in the slug flow
regime. Again, the results were a slight improvement against the corresponding batch
processes.179 Similarly to the work of Miller et al.,177 they also observed both the single and
the double carbonylation products.

Scheme 2.3-12. Palladium-catalyzed single/double carbonylation of aryl iodides.

Scheme 2.3-13. Palladium-catalyzed carbonylative Sonogashira cross-coupling.
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The Ryu group continued their research on the continuous carbonylative reactions and
reported a radical carbonylation of aliphatic halides, Scheme 2.3-14.180 The reaction
required high pressures in the range of 20-85 atm; however, was characterised by short
residence times, 12 min. The process resulted in moderate to high yields.

Scheme 2.3-14. Radical carbonylation of aliphatic halides.

The work on carbonylation reactions in flow systems using the membrane contactors was
pioneered by the Ley group. Koos et al. reported a continuous flow process for the
palladium methoxycarbonylation of aryl heteroaromatic and vinyl iodides and an aryl
bromide, Scheme 2.3-15.176 Most of the 15 tested substrates resulted in moderate-to-good
yields. Koos et al. employed, the so-called conventional Tube-in-Tube reactor, where the
inner tube is filled with the liquid phase, and the gas reactants diffuse from the outer tube
to the liquid phase. Such system possesses a significant drawback, the outer tube filled with
the gaseous reactant is characterised by a small heat transfer coefficient. Thus, heating of
the reaction mixture is highly inefficient. Koos et al., in their work, used the membrane
system to pre-saturate the mixture of solvents with CO. Later, the saturated mixture of
solvents was mixed with the starting material and the catalyst. Finally, the complete
reaction mixture was passed into the heated reaction coils. Such approach, namely presaturation of the solvent with the gaseous reactant, results in a larger footprint of the
reaction system. Additionally, the amount of dissolved gas may be insufficient to operate
at high concentrations of the starting material. Thus, may result in the excessive generation
of solvent waste.
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Scheme 2.3-15. Palladium catalysed methoxycarbonylation of aryl, heteroaromatic and
vinyl iodides and an aryl bromide.

A similar reaction system was reported by Mercadante and Leadbeater.181 They presented
an approach to the continuous-flow alkoxycarbonylation reactions of aryl iodides, Scheme
2.3-16, using the reverse configuration of the membrane system - liquid phase in the outer
tubing. All eight reported examples resulted in high-to-excellent yields, 91-99%, measured
using 1H NMR spectroscopy. The reverse configuration of the membrane system allowed
simultaneous heating of the liquid phase and continuous delivery of CO. This resulted in a
simplification of the reaction system and allowed operation under constant concentration
of CO, being equal to the solubility of CO under operational conditions, providing the flux
of CO is larger than the rate of the reaction. Interestingly, when the same group compared
the results of the same alkoxycarbonylation reactions performed in the membrane system
and the slug flow biphasic system they obtained the significantly better results using the
Tube-in-Tube reactor.182

Scheme 2.3-16. Palladium-catalysed alkoxycarbonylation of aryl iodides.

The Ryu group devised an interesting approach to combining advantages of the membrane
systems and the in-situ generated CO from formic acid and concentrated sulfuric acid. They
demonstrated the utility of the developed setup on Heck aminocarbonylation.167 A similar
method was established by Fukuyama et al., however, instead of using the membrane
system, they decided to generate CO in the same stream where CO was consumed via
Koch–Haaf reaction of adamantanols, Scheme 2.3-17.183 The designed protocol was
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successfully scaled-up resulting in the multigram-scale synthesis of 1-adamantane
carboxylic acid, 7.1 g per hour, 88% isolated yield.

Scheme 2.3-17. Koch–Haaf reaction of adamantanols.

Recently, the Ley group reported an extension of the utility of the developed membrane
system by aminocarbonylation, alkoxycarbonylation, hydroxycarbonylation, formation of
lactams and one example of a synthesis of a lactone. Interestingly, in the hydrazinepromoted amino-carbonylation process, the authors employed two membrane systems to
introduce two separate gaseous reactants, CO and dimethylamine.184
Akinaga et al. reported a kilogram scale Heck carbonylation, Scheme 2.3-18. Using an
almost stoichiometric amount of carbon monoxide in the slug flow regime they achieved
the nearly quantitative yield, >99%, at the moderate residence time of 55 min. Using a 900
ml stainless-steel tubular reactor with a flow rate of 7.3 ml min-1 resulted in production of
1.86 kg of the product per 24 hours.185

Scheme 2.3-18. Heck carbonylation of 1-bromo-3,4-bis(trifluoromethyl)benzene.

A number of other continuous carbonylation processes were reported, and due to a
significant interest in the field, new reactions are being regularly published. Comprehensive
reviews on continuous carbonylation processes can be found in the literature.65,71,186
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Notably, to the author’s best knowledge, there are no examples of oxidative carbonylations
performed in a continuous flow system. All examples presented in this chapter relate to
classical, reductive carbonylations.

2.4. Life-cycle assessment
Pollution prevention was, and still is, a significant area of interest in the chemical
engineering community. The concept of green chemistry, formulated as a set of twelve
principles nearly thirty years ago,187 gained a significant interest from both industry and
academia. Applying the twelve principles outlined by Anastas and Warner as design rules
for novel processes can help to achieve the intentional goal of sustainability.

Prevention

It is better to prevent waste than to treat or clean up waste after
it has been created.

Atom economy

Synthetic methods should be designed to maximise the
incorporation of all materials used in the process into the final
product.

Less hazardous

Wherever practicable, synthetic methods should be designed to

chemical syntheses

use and generate substances that possess little or no toxicity to
human health and the environment.

Designing safer

Chemical products should be designed to affect their desired

chemicals

function while minimising their toxicity.

Safer solvents and

The use of auxiliary substances (e.g., solvents, separation

auxiliaries

agents, etc.) should be made unnecessary wherever possible
and innocuous when used.

Design for energy

Energy requirements of chemical processes should be

efficiency

recognised for their environmental and economic impacts and
should be minimised. If possible, synthetic methods should be
conducted at ambient temperature and pressure.

Use of renewable

A raw material or feedstock should be renewable rather than

feedstocks

depleting whenever technically and economically practicable.
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Unnecessary derivatisation (use of blocking groups, protection/
deprotection, temporary modification of physical/chemical
processes) should be minimised or avoided if possible because
such steps require additional reagents and can generate waste.

Catalysis

Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents.

Design for

Chemical products should be designed so that at the end of their

degradation

function they break down into innocuous degradation products
and do not persist in the environment.

Real-time analysis for

Analytical methodologies need to be further developed to allow

pollution prevention

for real-time, in-process monitoring and control prior to the
formation of hazardous substances.

Inherently safer

Substances and the form of a substance used in a chemical

chemistry for accident

process should be chosen to minimise the potential for chemical

prevention

accidents, including releases, explosions, and fires.

Figure 2.4-1. Twelve principles of green chemistry. Based on ref. 188.

Simultaneously to the development of twelve principles of green chemistry, the chemical
engineering community driven by the globalisation of the markets, acceleration of
partnerships and an unprecedented rate of development of new technologies, developed the
idea of green chemical engineering. It was done in an effort to mitigate the environmental
burden of chemical processes and develop new, greener alternatives to the currently
practised processes. Besides environmental aspects, greener processes can prove to be
economically superior owing to fewer wastes being generated or less energy being
consumed in the course of the process. The concept of green chemical engineering
promotes, among others, process intensification189 and an integrated, as well as
multidisciplinary, approach to process engineering.190
General appreciation and acceptance of green chemistry, as well as green chemical
engineering principles, resulted in a significant change in the way industrial processes are
being performed. Besides replacement of some of the outdated and environmentally poorly
performing processes, there are examples of internal practises or regulations aiming
towards assurance that newly designed products or processes will meet sustainability and
safety criterions.191
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To ensure that the developed process option is environmentally superior there must be a
way to assess the environmental sustainability of the process in the most comprehensive
and accurate manner. Even though a number of metrics to assess such impact has been
developed and applied in academic as well as industrial environment, scientists lack
consensus in which one applies to the most of case-studies and which one provides its users
with the most comprehensive answer.
The simplest, nonetheless quite powerful, metric is yield, Equation ( 46 ). Measuring the
efficiency of the process by the amount of the substrate that is transformed into product
allows a rough comparison between different process options.

𝑦𝑖𝑒𝑙𝑑 =

𝑚𝑜𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑚𝑜𝑙 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

( 46 )

Owing to its simplicity, yield does not take into account the amount of waste generated by
the investigated process. This issue was answered by the development of Sheldon’s Efactor
which calculates the amount of waste generated to produce 1 kg of the chemical product,
Equation ( 47 ).192

𝐸𝑓𝑎𝑐𝑡𝑜𝑟 =

𝑘𝑔 𝑤𝑎𝑠𝑡𝑒
𝑘𝑔 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

( 47 )

Notably, water as a waste stream is excluded from the Efactor calculation due to unrealistic
values of the Efactor that may be difficult to compare and analyse.192 To tackle this, numerous
intensity based metrics were developed including the Mass Intensity, the Solvent Intensity
and the Water Intensity and they suppressed the usage of the Efactor greatly.193
However, even the most detailed analysis of the process options based on the Efactor or its
modifications will not reveal in-depth differences in the environmental impact owing to a
very low sensitivity of the Efactor to the operations prior to the process itself, meaning that
the Efactor can be meaningfully changed only if one of the process options is significantly
different or results in a notably different yield.
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Assessment of a process within broader bounders requires a very different approach.
Evaluation of environmental impacts of a technology performed considering the
contribution to impacts from the transport and manufacture of all material inputs into the
technology starting from raw materials, the so-called cradle-to-gate boundary, or even
accounting for the impacts of the use of the products and their post-use fate, the so-called
cradle-to-cradle boundary is the domain of the Life Cycle Assessment (LCA) as outlined
in ISO 14040/14044. Owing to the boundaries of the assessment, LCA is particularly useful
when comparing the process options, which modifications may significantly affect the
material or energy fluxes in the upstream stages of the process.194
According to ISO 14040/14044, LCA is performed in four discrete phases, i.e. Goal and
Scope Definition, Inventory Analysis, Impact Assessment and Interpretation.194
Goal and Scope Definition is an explicit statement of the ultimate aim of the study and sets
out the context. It describes the system boundaries, the functional unit and the allocation
methods used. Furthermore, all assumptions, analysed impact categories and limitations of
the study shall be clearly and unbiasedly stated. Inventory Analysis formulates detailed
mass and energy balances for all cells of the generated model and calculates burdens
generated by each of them. Impact Assessment translates the burdens of all individual
objects of the inventory on individual impact categories. Impact Assessment can be
performed at a different depth of analysis, Table 2.4-1. A direct estimation of
environmental intervention based on materials and energy fluxes can be translated into
environmental problems formulating a “midpoint” analysis. Even though non-trivial, a
further translation into damage or “endpoint” categories is possible. Interpretation consists
of analysis of the obtained data, comparison of the individual process scenarios and
presentation of these.195
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Table 2.4-1. Burdens, mid-point and end-point impact categories.
Environmental

Environmental problems

Damage

intervention (burdens)

(“midpoint” categories)

(“endpoint” categories)

Use of materials

Depletion of abiotic resources Human-made environment

Use of energy

Depletion of biotic resources

Biotic natural environment

Emissions to water

Impacts of land use

Abiotic natural environment

Emissions to air

Climate change

Biotic natural resources

Solid waste

Stratospheric ozone depletion

Abiotic natural resources

Acidification

Human health

Eutrophication
Photochemical oxidants
Human toxicity
Eco-toxicity

ReCiPe 2008, aiming to harmonise the standards of the LCA analyses, compiled a set of
impact categories for the “midpoint” assessment that are generally accepted by the
scientific community, Table 2.4-1.196 ReCiPe 2008 also contains categories for the
“endpoint” assessment. However, the majority of reported studies does not assess the
“endpoint” impact categories and operate using only the “midpoint” impacts. It may be due
to significant uncertainties in translation between the “midpoints” and the “endpoints”
owing to a much more complex nature of the latter. For instance, it may prove to be
challenging to assess the impact of a certain process on human health quantitatively. Hence,
it is arguably accepted to report only the “midpoint” impacts.
LCA is often being criticised for difficult to interpret results, inconsistency in applied
boundaries and numerous assumptions made while constructing models.197,198 The
assumptions of, for example, amount of energy consumed, yield of the process,
recyclability of some of the materials used, etc., are required when the information on the
current best industrial practise is not available. For models based on numerous assumptions,
it is necessary to perform a sensitivity analysis to assess their influence on the final result.
Regarding the difficulties in the interpretation of results, usually, a reference technology is
required to assess the sustainability of the process. Analysis based solely on the values of
the “midpoint” or the “endpoint” results may be indeed difficult in interpretation.195
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Table 2.4-2. Impact categories outlined in ReCiPe 2008 based on ref. 196.
Abbreviation

Impact category

GWP

Climate change

FDP
HTP
MEP
MDP
NLTP
ODP
POFP
TAP
TETP

Unit

kg of CO2 – equivalents (eq.) per
functional unit (FU)
Fossil fuels depletion potential
kg of oil per FU
Human toxicity potential
kg of 1,4-dichlorobenzene (1,4DCB) – eq. per FU
Marine eutrophication potential kg of nitrogen – eq. per FU
Metal depletion potential
kg of Fe – eq. per FU
Natural land transformation m2 per FU
potential
Ozone depletion potential
kg of chlorofluorocarbon-11 per FU
Photochemical
oxidant kg of non-methane volatile organic
formation potential
compounds (MNVOC) – eq. per FU
Terrestrial acidification potential kg of SO2 – eq. per FU
Terrestrial ecotoxicity potential kg of 1,4-DCB – eq. per FU

One of the common uses of LCA is assessment of the sustainability of several competitive
process options. Such analysis, alongside for example cost estimation, is often used in the
choice of a process technology in the industry. The most significant advantage of such
analysis is ease of interpretation of the results. Having the values of impacts of several
process options allows choosing the most sustainable or, taking into account also other
criteria, the most appropriate one.195
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2.5. Conclusions
Even though the field of C–H activation received an unpreceded attention from the
scientific environment, virtually no examples of industrial applications, or even intensified
processes designed in academia, of these seemingly ideal transformations exist. It may be
due to, amongst others, lack of sufficient mechanistic and kinetic understanding and usage
of large amounts of precious metal catalysts. The present work aims to employ tools and
methods of building process knowledge to attain a sufficient kinetic and mechanistic
understanding of investigated C–H activation processes and develop intensified, ideally
continuous, processes for them. Identified in the course of processes development inherent
inefficiencies can hopefully allow to devise generic rules of intensified process design for
the investigated family of C–H activation reactions.
The literature review presented some of the available tools and techniques used in building
kinetic and mechanistic understanding of the processes that can be employed in design of
intensified processes. Nextly, flow chemistry, being a tool of process intensification was
described. Finally, an introduction to C–H activation reactions was presented. Even though
all of the above mentioned topics are in the forefront of the respective fields, very little
collaborative efforts are made to employ all of them in one project. This work aims to fill
this gap. An example of using chemical engineering techniques of process development
combined with process intensification and usage of novel chemical transformations may
prove to be a valuable example of collaborative approach to process development and can
potentially bring a significant added value to the fields of organic chemistry, C–H
activation, process development and process intensification.
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Chapter 3. Experimental section
General methods.
Proton nuclear magnetic resonance (1H NMR) spectra were recorded at ambient
temperature on a Bruker AM 400 (400 MHz) or an Avance 500 (500 MHz) spectrometer.
Chemical shifts (δ) are reported in ppm and quoted to the nearest 0.01 ppm relative to the
residual protons in chloroform-d (7.26 ppm), benzene-d6 (7.16 ppm), dimethyl sulfoxide
d6 (2.05 ppm), methanol-d4 (3.31 ppm) or acetonitrile-d3 (1.94 ppm) and coupling
constants (J) are quoted in Hertz (Hz). Data are reported as follows: Chemical shift (number
of protons, multiplicity, coupling constants). Coupling constants were quoted to the nearest
0.1 Hz and multiplicity reported according to the following convention: s = singlet, d =
doublet, t = triplet, q = quartet, qn = quintet, sext = sextet, sp = septet, m = multiplet, br =
broad. Where coincident coupling constants have been observed, the apparent (app)
multiplicity of the proton resonance has been reported. Carbon nuclear magnetic resonance
(13C NMR) spectra were recorded at ambient temperature on a Bruker AM 400 (101 MHz)
or an Avance 500 (126 MHz) spectrometer. Chemical shift (δ) was measured in ppm and
quoted to the nearest 0.1 ppm relative to the residual solvent peaks in chloroform-d (77.16
ppm), benzene-d6 (128.06 ppm), dimethylsulfoxide-d6 (39.25 ppm), methanol-d4 (49.00
ppm) or acetonitrile-d3 (1.32 ppm). Infrared (IR) spectra were recorded on a Perkin Elmer
FT-IR Spectrometer fitted with an ATR sampling accessory as either solids or neat films,
either through direct application or deposited in chloroform, with absorptions reported in
wavenumbers (cm-1) Analytical thin layer chromatography (TLC) was performed using
pre-coated Merck glass-backed silica gel plates (Silicagel 60 F254). Flash column
chromatography was undertaken on Fluka or Material Harvest silica gel (230–400 mesh)
under a positive pressure of nitrogen unless otherwise stated. Visualisation was achieved
using ultraviolet light (254 nm) and chemical staining with ceric ammonium molybdate or
basic potassium permanganate solutions.
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The experimental work was performed in the Department of Chemical Engineering and
Biotechnology and Department of Chemistry, University of Cambridge.
All reactants were purchased from Sigma-Aldrich, AlfaAesar or Fluorochem at highest
available purity and, unless stated otherwise, used without additional purifications.

3.1.

Continuous-flow synthesis and derivatisation of aziridines
through palladium-catalyzed C(sp3) C–H activation

General experimental procedures for Chapter 4.1 are described below. For all experimental
procedures toluene, acetic acid and acetic anhydride were distilled and kept under inert
atmosphere prior to being used in reactions.
Procedure 1
5 ml of a solution containing diacetoxyiodobenzene (PIDA) (1.5 equiv.), palladium (II)
acetate (Pd(OAc)2) and internal standard in toluene was placed in a dry microwave vial and
sealed with a Teflon cap. After preheating in a silicone oil bath, the starting material was
added via a microsyringe. Aliquots were taken over the specified time, and the reaction
progress was monitored via a gas chromatography analysis using 1,1,2,2-tetrachloroethane
as an internal standard.
Unless otherwise stated, agitation was performed using a cylindrical stirrer bar (5 mm
diameter); agitation rate: 300 RPM delivered by IKA RCT basic magnetic stirrer. The
temperature was controlled using a silicone oil bath heated by a hot-plate (IKA RCT basic)
equipped with ETS-D5 PID controller. Oil was preheated prior to the experiments and
temperature was kept constant for at least 30 minutes.
Procedure 2
5 ml of a solution containing PIDA (1.5 equiv.), Pd(OAc)2 and internal standard in toluene
was placed in a dry microwave vial and sealed with a Teflon cap. The starting material was
added via a microsyringe. Feed stream was introduced using a syringe pump. Aliquots were
taken over the specified time, and the reaction progress was monitored via GC analysis
using 1,1,2,2-tetrachloroethane as an internal standard.
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Unless otherwise stated, agitation was performed using a cylindrical stirrer bar (5 mm
diameter); agitation rate: 300 RPM delivered by IKA RCT basic magnetic stirrer. The
temperature was controlled using a silicone oil batch heated by a hot-plate (IKA RCT basic)
equipped with ETS-D5 PID controller. Oil was preheated prior to the experiments and
temperature was kept constant for at least 30 minutes.
Procedure 3
5 ml of a solution containing PIDA (1.5 equiv.), Pd(OAc)2 and internal standard in toluene
was prepared and placed in a syringe. The starting material was placed in a syringe as a
solution in toluene. Solutions were pumped using syringe pumps at specified flow rates and
mixed before entering the micro-reactor using a Y-mixer. The reaction was carried out in a
custom build 240 µl temperature controlled microreactor equipped with a 6 bar(g) backpressure regulator. Solutions leaving the reactor were cooled down in an ice bath and
collected. The reaction progress was monitored via GC analysis using 1,1,2,2tetrachloroethane as an internal standard.
Procedure 4
5 ml of a solution containing PIDA (1.5 equiv.), Pd(OAc)2 and internal standard in toluene
was prepared in a container. The starting material was placed in the second container as a
solution in toluene. Solutions were pumped using the Vapourtec R system HPLC pumps at
specified flow rates and mixed before entering the micro-reactor using a Y-mixer. The
reaction was carried out in a Vapourtec R system 10 ml PFE tubular reactor (1/16” inner
diameter) equipped with a 6 bar(g) back-pressure regulator. Solutions leaving the reactor
were cooled down in an ice bath and collected. The reaction progress was monitored via
GC analysis using 1,1,2,2-tetrachloroethane as an internal standard.
2,2,6-Trimethyl-4-oxa-1-azabicyclo[4.1.0]heptan-5-one
1

H NMR (400 MHz, CDCl3): δ 3.99 (d, J = 12.1 Hz, 1H, H-1), 3.87 (d, J = 12.1 Hz, 1H, H-

1), 2.45 (s, 1H, H-6), 1.90 (s, 1H, H-6), 1.45 (s, 3H, H-7), 1.29 (s, 3H, H-3/4), 1.13 (s, 3H,
H-3/4); 13C NMR (100 MHz, CDCl3): δ 170.8 (C-8), 71.7 (C-1), 50.0 (C- 5), 36.0 (C-2),
32.9 (C-6), 25.6 (C-7), 23.7 (C-3/4), 20.9 (C-3/4); IR νmax/cm-1 (film): 2973, 2934, 1721
(C=O), 1498, 1467, 1406, 1378, 1327, 1303, 1283, 1255, 1217, 1198, 1131, 1056, 1041,
981, 956, 905, 848, 768, 745, 700
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Figure 3.1-1. 1H NMR (CDCl3, 400 MHz) 2,2,6-Trimethyl-4-oxa-1-azabicyclo[4.1.0]heptan5-one

Figure
3.1-2.
13C
NMR
azabicyclo[4.1.0]heptan-5-one

(CDCl3,
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Figure 3.1-3. 3,3,5,5-Tetramethylmorpholin-2-one

2-Amino-2-methyl-1-propanol (10.0 g, 112 mmol, 1.0 equiv), acetone (82 ml, 1.12 mol,
10.0 equiv) and chloroform (13.5 ml, 168 mmol, 1.5 equiv) were added under nitrogen to
a 500 ml three-neck flask equipped with a thermometer. The mixture was cooled with an
acetone/ice bath and stirred vigorously. Powdered sodium hydroxide (22.4 g, 560 mmol,
5.0 equiv) was then added portion-wise while keeping the internal temperature below 5 °C.
After completion of the addition, the thick solution was vigorously stirred for 2 hours,
keeping the temperature below 10 °C. The solution was then allowed to warm to room
temperature over 16 hours. The white solid was filtered, rinsed with acetone and twice with
methanol (2 x 100 ml). The combined filtrates were concentrated under vacuum to afford
the crude sodium carboxylate which was then refluxed for 6 hours in concentrated
hydrochloric acid (100 ml). After cooling to room temperature, the hydrochloric acid was
removed in vacuo. The flask was then placed in an ice bath, and a saturated solution of
sodium bicarbonate was carefully added until the mixture became basic. The solution was
extracted with ethyl acetate (3 x 50 ml), and the combined organics were washed with brine
(50 ml), dried (MgSO4) and concentrated in vacuo. The product was purified by Kugelrohr
distillation (0.38 mbar, approximately 95 °C) to give a colourless liquid (8.9 g, 56.7 mmol,
50.6%).
1

H NMR (400 MHz, CDCl3): δ 4.10 (s, 2H, H-1), 1.36 (s, 6H, H-6), 1.12 (s, 6H, H-3); 13C

NMR (100 MHz, CDCl3): δ 175.2 (C-7), 78.1 (C-1), 54.6 (C-5), 49.1 (C-2), 30.6 (C-6),
26.4 (C-3); IR νmax/cm-1 (film): 3336 (N–H), 2973, 1726 (C=O), 1473, 1399, 1379, 1286,
1259, 1235, 1196, 1127, 1047, 915, 890, 806, 751
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Figure 3.1-4. 1H NMR (CDCl3, 400 MHz) 3,3,5,5-Tetramethylmorpholin-2-one

Figure 3.1-5. 13C NMR (CDCl3, 100 MHz) 3,3,5,5-Tetramethylmorpholin-2-one
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For the present work, an Agilent 6850 Network GC, equipped with an automated liquid
sampler (ALS) and a HP-1 30 m x 0.32 mm x 0.25 μm column, was employed. Helium was
used as carrier (2.271 mL min-1 and 12.748 psi) and air as make-up gas. The samples were
analysed using auto injection with an injection volume of 1 μL, split mode and split ratio
of 200:1. The initial temperature of 100 ºC was held for 1 minute and then ramped at 30 ºC
min-1 to 250 ºC with 1 minute hold time, resulting in an overall method time of 7 minutes.
This method allowed sufficient separation of peaks corresponding to the product and the
substrates, Figure 3.1-6.

Figure 3.1-6. An example of a GC analysis. Solv: toluene, IS: internal standard, Ox:
PIDA, SM: Starting material, AZ: Product.

Due to small changes in the sampling volume of the GC and its internal components, the
sample to be measured has to be equipped with a known concentration of internal standard
(IS). As possible measurement errors would affect all components in the sample the same
way, a comparison between the analyte peak and its concentration with those of the IS
would remain constant. Thus, from the known amount of contained IS and the resulting
peak area, the amount of analyte could be calculated given the corresponding peak area.
1,1,2,2-Tetrachloroethane was applied as IS in the present work, because it behaved inert,
was not used in the investigated chemistry for any other purpose and resulted in an
unambiguous peak at the GC detector. For analysing the GC data and integration of the
peak areas, the software Agilent 62 7.1 Experimental Set-up Chemstation was employed.
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Calibration curves for several known concentrations of starting material SM and product
Az were created using a defined amount of 0.0012 mL IS per mL solution, Figure 3.1-7.

Figure 3.1-7. A calibration curve for the GC analysis, using an internal standard (IS),
was established for the product (Az) in the upper and for the starting material (SA) in
the lower plot.

Density functional theory (DFT) modelling was performed using Gaussian09; geometries
of all structures (minima and saddle points) were optimized at the ωB97xd/cc-PVDZ level
in implicit solvent (using the SMD solvation model) using the SDD model potential for Pd;
subsequent vibrational frequency calculations were performed at the same level for all
calculated structures. All transition states thus found possess exactly one negative Hessian
eigenvalue, while all other stationary points were confirmed to be genuine minima on the
potential energy surface (PES). Intrinsic reaction coordinate (IRC) analysis was performed
to unambiguously assign the located transition states for all the potential reaction pathways.
Electronic energies were obtained by performing single point calculations at the
ωB97xd/cc-pVTZ level in an implicit solvent using the SDD model potential for Pd.
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Enthalpies are reported as sums of ΔE, zero-point vibrational energy (ZPVE) corrections,
and thermal corrections at 298 K. Gibbs energies were calculated as ΔG = ΔH – TΔS at
298 K where enthalpies and entropies were obtained by using standard statistical
mechanical formulae for the ideal gas, rigid rotor, and harmonic oscillator approximations
following the normal-mode analysis in vacuum.199 Coordinates of all modelled
intermediates and transition states are given in Appendix 1.

3.1.1. Black-box optimisation
Experiments were performed in a semi-automated system consisting of a Vapourtec
R2+/R4 system with a standard 10 ml coiled reactor, in-line UV and GC analysis and a
computer to process data and operate all instruments.
The Vapourtec R2+/R4 consists of a system of HPLC pumps, pressure sensors and an air
cooled/heated tubular reactor equipped with a Pt100 temperature sensor. Sample loops
were provided to reduce the amount of the reaction mixture consumed; segments of
reactants were introduced from the loops into a continuous flow of a solvent and directed
into the reactor. Despite obvious advantages coming from using only a small volume of the
reaction mixture, this approach suffers from several drawbacks; slugs of the reaction
mixture are affected by dispersion, and additionally, especially for automated systems,
accurate systems for detection of slugs are required to be able to sample and analyse them.
Laminar flow through pipes is subject to the dispersive mass transfer which is caused by
non-ideal flow patterns, i.e. deviations from the ideal plug-flow regime. Axial mass transfer
caused by dispersion results in a non-ideal concentration profile of the reaction segment.
To avoid this phenomenon the residence time distribution (RTD) was measured aiming to
determine the minimum size of the segment having at least a part of it of the same
characteristics as a theoretical ideal plug-flow segment. Experiments were performed by
pumping segments of the standard reaction mixture (experiment 1, Table 4.1-1) through
the system and recording the intensity of the UV signal at 362.8 cm-1, where the reaction
mixture had the highest signal intensity, Figure 3.1-8.
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Figure 3.1-8 Example of residence time distribution experiment. Theoretical result for
ideal plug-flow is added in the figure. 2 ml reaction mixture segment was used.
Concentration is represented by UV signal measured by in-line UV cell.

It was observed that, to avoid dispersion, i.e. the signal for the real flow is equal to a
theoretical ideal plug-flow signal for at least one time increment, 2 ml reaction mixture
segments are required. Thus, this size of the sample loops was used.
The in-line UV cell used for the RTD measurements was also employed as the detector of
the reaction mixture segment during the reaction. Since UV signal can be translated into
concentration using the Lambert-Beer law a calibration curve was prepared, where UV
signal intensity was expressed as a function of the concentration of palladium (II) acetate,
Figure 3.1-9.

Figure 3.1-9 Calibration curve for the UV cell.
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Knowing the initial concentration of the catalyst in the reaction mixture, the expected
intensity of the UV signal can be calculated. Thus the system can detect with high precision
when the segment of the reaction mixture passed the cell. Based on the volume of tubing
between UV cell and GC as well as the flow rate, time, when GC sampling should be
triggered, was automatically calculated for every experiment.
The GC analysis was performed using an Agilent 6850 Network GC, equipped with an
automated liquid sampler (ALS) and an HP-1 30 m x 0.32 mm x 0.25 µl column, was
employed. A custom built GC vial was designed by Daniel Geier and Ralf Thelen from the
Institut für Technische und Makromolekulare Chemie (ITMC) at RWTH Aachen
University and manufactured in-house in Cambridge.20 The vial consisted of a chamber
with a small “fountain” in the middle of it where the solvent or the reaction mixture was
continuously overflowing. Sampling was conducted using an automated liquid sampler
supplied by Agilent in the middle of the “fountain” through a Teflon septum sealing the
whole chamber. Excess of the reaction mixture was directed from the vial to a waste
container.
All communication between instruments was custom-coded in LabVIEW and
communication with Vapourtec was via its proprietary Excel interface, Figure 3.1-10.

Figure 3.1-10 Schematics of the semi-automated continuous-flow system used for the
black box sequential optimisation.
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3.1.1.1. Data processing
Generated experimental data was processed using the MOAL algorithm (Multi Objective
Active Learner)29 aiming to optimise the conditions against two objectives:
•

Yield that should be higher than 99%

•

Cost that should be as low as possible

The cost function was defined as Equation ( 48 ):

𝑐𝑜𝑠𝑡 =

𝑐𝑜𝑠𝑡𝑒𝑙 𝑊𝑒𝑙 + ∑ 𝑐𝑜𝑠𝑡𝑖 𝑚𝑖
𝑚𝑃𝑟𝑜𝑑𝑢𝑐𝑡
̇

( 48 )

where costel and costi represent the electricity and material cost, whereas Wel and mi denote
the consumed electricity and mass of materials, respectively. The product output, 𝑚𝑃𝑟𝑜𝑑𝑢𝑐𝑡
̇
,
is defined as Equation ( 49 ):

𝑚𝑃𝑟𝑜𝑑𝑢𝑐𝑡
̇
=

𝑚𝑃𝑟𝑜𝑑𝑢𝑐𝑡
𝑡𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

( 49 )

where mProducts is the mass of synthesised product and treaction is the time necessary to
complete the reaction.
The MOAL algorithm is a tool for the multi-objective target optimisations of reaction
conditions. It has been developed by Peremezhney in his PhD thesis200 and successfully
applied for the investigation of emulsion co-polymerisation reactions in the work of
Houben.201 An overview of its structure is given in Figure 3.1-11. To work properly, the
algorithm needs fully specified targets Ytarget for the optimisation and defined input
variables X as the degrees of freedom. The latter has to be bound by its possible values by
corresponding constraints. As the algorithm is based on Gaussian process machine learning
techniques,202 an initial training set, consisting of values for the input variables Xtr and
measurements of the associated target variables Y(Xtr), has to be assembled. Furthermore,
a set of the candidate solutions XL for the optimal results has to be generated by a random
selection of points within the constrained input variable space, because the algorithm works
with discrete evaluation techniques for the optimisation. After all necessary elements for
the algorithm are provided, the initial training set is used to train the MOAL for the first
̃ 𝒐𝒑𝒕𝒊𝒎𝒂𝒍,
time. The resulting output is a suggestion for an optimal input variable values 𝑿
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which are supposed to lead to the desired target. In the next step, an experiment or
̃ 𝒐𝒑𝒕𝒊𝒎𝒂𝒍 from the MOAL algorithm. With this,
simulation is conducted, using the results 𝑿
̃ 𝒐𝒑𝒕𝒊𝒎𝒂𝒍) are obtained.
the corresponding measurements of the target variable values Y(𝑿
̃ 𝒐𝒑𝒕𝒊𝒎𝒂𝒍 or not, the experiment
To check whether the target is reached by application of 𝑿
or simulation results are assessed against the target values. If the task is fulfilled and
reaction conditions are found, which leads to the desired target, then the solution
̃ 𝒐𝒑𝒕𝒊𝒎𝒂𝒍, proposed as optimal, becomes the real optimal solution 𝑿𝒐𝒑𝒕𝒊𝒎𝒂𝒍 and the
𝑿
algorithm finishes the optimisation. If this is not the case and the targets are not reached,
̃ 𝒐𝒑𝒕𝒊𝒎𝒂𝒍, Y(𝑿
̃ 𝒐𝒑𝒕𝒊𝒎𝒂𝒍)] is used to extend the initial training set. Thus,
then the set of [𝑿
one more training point is available in the next iteration. The algorithm is retrained on the
new set to improve its prediction and outputs a different proposal for optimal input variable
̃ 𝒐𝒑𝒕𝒊𝒎𝒂𝒍.
values 𝑿

Figure 3.1-11 An overview of the MOAL algorithm including the training feedback loop.

In the present work, a grid of 2000 randomly selected candidate solutions XL, uniformly
distributed within the allowed space of values, was employed. Furthermore, the vector of
input variables and thus degrees of freedom for the optimisation was [T; treac; cSM; cAcOH;
cCat]. The space of possible values was constrained as presented in Table 3.1-1. The
restrictions imposed on the algorithm used in setting-up the optimisation were caused by
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solubility issues and temperature stability of the reactants. Several additional constraints
were designed to reduce the experimental space available to the algorithm.

Table 3.1-1 Constraints used in the black box optimisation.
Constrain

Lowest value

Highest value

Temperature [oC]

60

110

Initial concentration of the substrate

0

0.1

0

4

0

0.01

[mol l-1]
Initial concentration of acetic acid
[mol l-1]
Initial concentration of palladium
acetate [mol l-1]
Concentration of PIDA [mol l-1]

1.2 * initial concentration of the substrate

Concentration of PIDA [mol l-1] (a)

0

(concentration of
acetic acid
+1.2872)/34.441

Concentration of acetic anhydride

0.2

[mol l-1]
Ratio of the substrate and acetic acid

0

100

1

120

concentration [mol l-1]
Residence time [min]
(a)

Limitation imposed by solubility of the PIDA
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3.2. β-C–H carbonylation of aliphatic amines to β-lactams
Substrates were synthesised according to the protocols described by Willcox and Chappell
et al. and characterisation via 1H and

13

C NMR analysis was consistent with previously

reported data.203

Figure 3.2-1. N-Ethyl-2-((6-(trifluoromethyl)pyridin-2-yl)oxy)ethan-amine

Sodium hydride (720 mg, 18.0 mmol, 60% in mineral oil) was added portion-wise to a
solution of 2-(ethylamino)ethan-1-ol (1.46 mL, 15.0 mmol) in tetrahydrofuran (15 mL) at
0 °C and stirred for 30 min. To this was added a solution of 2-chloro-6trifluoromethylpyridine (3.00 g, 16.5 mmol) in tetrahydrofuran (10 mL) drop-wise. The
mixture was allowed to warm to ambient temperature then stirred for 16 h. The reaction
mixture was quenched with water (20 mL) and extracted with dichloromethane (2 x 20
mL). The combined organic phases were washed with brine (20 mL), dried (magnesium
sulfate) and concentrated in vacuo. The crude residue was purified by Kugelrohr distillation
to afford the product as a colourless liquid (2.10 g, 9.00 mmol, 60%); Rf = 0.17
(dichloromethane/methanol 9:1 (v/v)).

Figure 3.2-2. N-Ethyl-3-phenylpropan-1-amine

To a solution of hydrocinnamoyl chloride (3.00 mL, 20.0 mmol) and triethylamine (5.6
mL, 40.1 mmol) in dichloromethane (30 mL) was added ethylamine (2M in
tetrahydrofuran, 10.0 mL, 20.0 mmol). The resulting mixture was stirred for 3 h. at ambient
temperature then concentrated in vacuo. The crude material was used without further
purification. The amide was dissolved in tetrahydrofuran and cooled to 0 °C. Lithium
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aluminium hydride (2.4 M in tetrahydrofuran, 19 mL, 45.6 mmol) was added dropwise,
and upon complete addition, the mixture was warmed to reflux for 3 h. The reaction mixture
was quenched with water (2.0 mL), sodium hydroxide (15%, 2.0 mL) and water (6.0 mL)
and extracted with dichloromethane (2 x 20 mL). The combined organic phases were
washed with brine (20 mL), dried (magnesium sulfate) and concentrated in vacuo. The
residue was purified by Kugelrohr distillation to afford the title compound as a colourless
liquid (2.06 g, 12.6 mmol, 63%).

Figure 3.2-3. N-(2,6-Difluorobenzyl)propan-2-amine

To a solution of 2,6-difluorobenzylamine (1.00 mL, 8.40 mmol) and acetone (1.2 equiv,
614 μL, 8.40 mmol) in dichloromethane (50 mL) was added sodium triacetoxyborohydride
(1.5 equiv, 2.67g., 12.5 mmol) and glacial acetic acid (700 μL ) at 0 ºC. The mixture was
allowed to warm to ambient temperature then stirred for 16 h. Upon complete consumption
of amine (GCMS), the mixture was quenched with saturated sodium bicarbonate (50 mL)
and extracted with diethyl ether (50 mL). The organic phase was washed with brine (20
mL), dried (sodium sulfate) and concentrated to give the crude free amine. The crude
product was purified by column chromatography followed by Kugelrohr distillation to
provide the desired compound as a colourless liquid (1.33 g, 7.20 mmol, 85%).
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Figure 3.2-4. N-(2-(Pyrimidin-2-yloxy)ethyl)propan-2-amine

Sodium hydride (720 mg, 18.0 mmol, 60% in mineral oil) was added portion-wise to a
solution of 2-(isopropylamino)ethan-1-ol (1.72 mL, 15.0 mmol) in tetrahydrofuran (15 mL)
at 0 °C and stirred for 30 minutes. To this was added a solution of 2-chloropyrmidine (1.90
g, 16.5 mmol) in tetrahydrofuran (10 mL) dropwise. The mixture was allowed to warm to
ambient temperature then stirred for 16 h. The reaction mixture was quenched with water
(20 mL) and extracted with dichloromethane (2 x 20 mL). The combined organic phases
were washed with brine (20 mL), dried (magnesium sulfate) and concentrated in vacuo.
The crude residue was purified by Kugelrohr distillation to afford the product as a
colourless liquid (1.68 g, 9.27 mmol, 62%).

Figure 3.2-5. N-isopropyltetrahydro-2H-thiopyran-4-amine

To a solution of tetrahydro-2H-thiopyran-4-one (5.80 g, 50.0 mmol) in isopropylamine (50
mL) was added powdered 4Å molecular sieves (~5.0 g) and stirred at ambient temperature
for 16 h. The mixture was filtered and concentrated in vacuo. The crude product was taken
up in methanol (50 mL) and cooled to 0 °C. Sodium borohydride (3.76 g, 105 mmol) was
added portionwise, and the mixture allowed to warm to ambient temperature and stirred for
an additional 1 h. The reaction mixture was quenched with water (20 mL) and extracted
with dichloromethane (2 x 20 mL). The combined organic phases were washed with brine
(20 mL), dried (magnesium sulfate) and concentrated in vacuo. The crude residue was
purified

by

column

chromatography

(silica,

dichloromethane

to

9:1

dichloromethane/methanol) to afford the product as a colourless solid (3.98 g, 25.0 mmol,
50%).
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Figure 3.2-6. 2-Methyl-N-(2-(pyridin-2-yloxy)ethyl)propan-2-amine

2-(tert-Butylamino)ethan-1-ol (2.34 g, 20.0 mmol) was dissolved in 1,4-dioxane (30 mL)
and NaH (800 mg, 60% dispersion in oil, 20.0 mmol) was added portion-wise. The solution
was refluxed for 30 minutes, then allowed to cool to ambient temperature and 2chloropyridine (1.9 mL, 20.0 mmol) was added. The reaction mixture was refluxed for 18
h, concentrated in vacuo and the residue suspended in water and extracted with
dichloromethane (20 mL). The organic phase was dried (magnesium sulfate), concentrated
in vacuo and the residue purified by Kugelrohr distillation to afford the title compound as
a colourless liquid (2.43 g, 12.5 mmol, 62%).

Figure 3.2-7. 2-Methyl-N-(2-(phenylsulfonyl)ethyl)propan-2-amine

To a solution of tert-butyl amine (3.15 mL, 30.0 mmol) in ethanol (13 mL) at 0 ºC was
added, via addition funnel, a solution of phenyl vinyl sulfone (2.50 mL, 15.0 mmol) in
ethanol (7 mL). The reaction mixture was allowed to warm to ambient temperature then
stirred at ambient temperature for 24 h, concentrated in vacuo and the residue purified by
Kugelrohr distillation to afford the pure compound as a colourless oil (3.62 g, 15.0 mmol,
quant.).
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Figure 3.2-8. N-Isopropyladamantan-1-amine

The appropriate acetone (1.10 mL, 15.0 mmol) was dissolved in titanium(IV) isopropoxide
(5.89 mL, 20.0 mmol) followed by the addition of 1-adamantylamine (2.27 g, 15.0 mmol)
and stirred at ambient temperature overnight before cooling to 0 °C and adding methanol
to the reaction mixture. Sodium borohydride (946 mg, 25.0 mmol) was added portion wise,
and the reaction mixture stirred at 0 °C for 20 minutes then ambient temperature for the
specified time. The reaction was quenched by the addition of an aqueous sodium hydroxide
(1 M, 50 mL) and then diluted with dichloromethane (50 mL). The mixture was filtered
through Celite, eluting with dichloromethane. The organic phase was separated, dried
(magnesium sulfate) and concentrated in vacuo. The crude product was purified by
Kugelrohr distillation to afford the title compound as a colourless oil (1.31 g, 6.8 mmol,
45%).

General procedures for β-C–H carbonylation of aliphatic amines to β-lactams.

General procedure A
A 1/8” outer diameter copper pipe reactor (V=10 ml) was connected to Isco 100D syringe
pump, and Bronkhorst EL-FLOW Select MFC calibrated for multiple gasses. The reactor
was placed in a silicone oil bath and pre-heated. A back pressure regulator (BPR-10 from
Zaiput Flow Technologies) was fitted, and the pressure was set to the desired value. To
condition the reactor, toluene and 6.25% CO balanced using synthetic air (1/1; v/v) was
passed through the reactor for 30 min at 0.1 ml min-1 flowrate for both gas and liquid phase
at 150 ºC. At the outlet of the reactor (after the BPR) an additional stream of compressed
air was delivered to dilute remaining CO.
Reaction mixture preparation; 1,4-benzoquinone (1.5 equiv.) was added to toluene and
stirred for 10 minutes. After stirring the mixture was filtered through a 20µm nylon filter
(to remove insoluble impurities). Palladium acetate (5 mol%), adamantane-carboxylic acid
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(12 mol%), pyridine (20 mol%) and an amine were added, and the mixture was stirred until
a homogeneous solution was obtained.
The reaction was started by filling the reactor with toluene. The mass flow rate of 6.25%
CO balanced using synthetic air was set to a corresponding value and allowed to stabilise
for 5 min. Upon a stable gas flowrate, the reaction mixture was pumped into the reactor.
The volume of gas slugs was at least equal to the volume of liquid slugs. Steady state was
assumed after two residence times.
The temperature was controlled using a silicone oil bath heated by a hot-plate (IKA RCT
basic) equipped with an ETS-D5 PID controller. Silicone oil was preheated prior to the
experiments and temperature was kept constant for at least 30 minutes.
The reaction mixture was filtered through Celite, eluting with ethyl acetate and the filtrate
was concentrated in vacuo. The residue was purified by flash column chromatography.

General procedure B
A 1/8” outer diameter copper pipe reactor (V=10 ml) was connected to Isco 100D syringe
pump, and Bronkhorst EL-FLOW Select MFC calibrated for multiple gasses. The reactor
was placed in an oil bath and pre-heated. A back pressure regulator (BPR-10 from Zaiput
Flow Technologies) was fitted, and the pressure was set to the desired value. To condition
the reactor, toluene and 6.25% CO balanced using synthetic air (1/1; v/v) was passed
through the reactor for 30 min at 0.1 ml min-1 flowrate for both gas and liquid phase at 150
ºC. At the outlet of the reactor (after the BPR) an additional stream of compressed air was
delivered to dilute remaining CO.
Reaction mixture preparation; 1,4-benzoquinone (1.5 equiv.) was added to toluene and
stirred for 10 minutes. After stirring the mixture was filtered through 20 µm nylon filter (to
remove insoluble impurities). Palladium acetate (5 mol%), adamantane-carboxylic acid (12
mol%), Li-quinoline (10 mol%) and an amine were added, and the mixture was stirred until
a homogeneous solution was obtained.
The reaction was started by filling the reactor with toluene. The mass flow rate of 6.25%
CO balanced using synthetic air was set to a corresponding value and allowed to stabilise
for 5 min. Upon a stable gas flowrate, the reaction mixture was pumped into the reactor.
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The volume of gas slugs was at least equal to the volume of liquid slugs. Steady state was
assumed after two residence times.
The temperature was controlled using a silicone oil bath heated by a hot-plate (IKA RCT
basic) equipped with an ETS-D5 PID controller. Oil was preheated prior to the experiments
and temperature was kept constant for at least 30 minutes.
The reaction mixture was filtered through Celite, eluting with ethyl acetate and the filtrate
was concentrated in vacuo. The residue was purified by flash column chromatography.

General procedure C
A 1/8” outer diameter copper pipe reactor (V=10 ml) was connected to Isco 100D syringe
pump, and Bronkhorst EL-FLOW Select MFC calibrated for multiple gasses. The reactor
was placed in an oil bath and pre-heated. A back pressure regulator (BPR-10 from Zaiput
Flow Technologies) was fitted, and the pressure was set to the desired value. To condition
the reactor, toluene and 6.25% CO balanced using synthetic air (1/1; v/v) was passed
through the reactor for 30 min at 0.1 ml min-1 flowrate for both gas and liquid phase at 150
ºC. At the outlet of the reactor (after the BPR) an additional stream of compressed air was
delivered to dilute remaining CO.
Reaction mixture preparation; 4-phenyl-benzoquinone (1.5 equiv.) was added to toluene
and stirred for 10 minutes. After stirring the mixture was filtered through 20 µm nylon filter
(to remove insoluble impurities). Palladium(II) 2,4,6-trimethylbenzoate (10 mol%), 2,4,6trimethylbenzoic acid (10 mol%), quinuclidine (10 mol%) and an amine were added, and
the mixture was stirred until a homogeneous solution was obtained.
The reaction was started by filling the reactor with toluene. The mass flow rate of 6.25%
CO balanced using synthetic air was set to a corresponding value and allowed to stabilise
for 5 min. Upon a stable gas flowrate, the reaction mixture was pumped into the reactor.
The volume of gas slugs was at least equal to the volume of liquid slugs. Steady state was
assumed after two residence times.
The temperature was controlled using a silicone oil bath heated by a hot-plate (IKA RCT
basic) equipped with an ETS-D5 PID controller. Oil was preheated prior to the experiments
and temperature was kept constant for at least 30 minutes.
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The reaction mixture was filtered through Celite, eluting with ethyl acetate and the filtrate
was concentrated in vacuo. The residue was purified by flash column chromatography.

General procedure D
A stainless-steel autoclave, equipped with a pressure gauge, a liquid phase sampling port,
an additional inlet for gas phase (located at the bottom of the autoclave) and a thermocouple
was loaded with a mixture of reactants. The reactor was preheated to the temperature close
to a boiling point of the solvent using an oil bath. The autoclave was pressurised and stirred
vigorously. The temperature of the oil bath was set to an appropriate value, and aliquots of
the liquid phase were taken over the specified time. The reaction progress was monitored
via gas chromatography (GC) using dodecane as an internal standard or via highperformance liquid chromatography (HPLC) analysis.
Unless otherwise stated, agitation was performed using a cross-shaped stirrer bar (20 mm
diameter); agitation rate: 300 RPM delivered by IKA RCT basic magnetic stirrer.
The temperature was controlled using a silicone oil bath heated by a hot-plate (IKA RCT
basic) equipped with an ETS-D5 PID controller.
After the specified time the autoclave was cooled down to room temperature, depressurised
and unloaded. The reaction mixture was filtered through Celite, eluting with ethyl acetate.
The filtrate was concentrated in vacuo. The residue was purified by flash column
chromatography.

1-Cyclohexyl-4-methylazetidin-2-one
1

H NMR (400 MHz, CDCl3) δ: 3.71 (1H, qnd, J = 6.0, 2.0 Hz), 3.42 (1H, tt, J = 11.7, 3.9

Hz), 2.97 (1H, dd, J = 14.3, 5.0 Hz), 2.41 (1H, dd, J = 14.4, 2.2 Hz), 1.88 (2H, br t, J = 13.2
Hz), 1.77 (2H, br t, J = 14.6 Hz), 1.65– 1.61 (1H, m), 1.51 (1H, qd, J = 12.3, 3.4 Hz), 1.39
(1H, qd, J = 12.2, 3.4 Hz), 1.34 (3H, d, J = 6.0 Hz), 1.26 (2H, tt, J = 12.2, 3.1 Hz), 1.14
(1H, qn, J = 12.5, 3.3 Hz);
C NMR (100 MHz, CDCl3) δ: 166.3, 51.8, 46.3, 43.3, 32.1, 30.7, 25.4, 25.3, 20.7;

13
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Figure 3.2-9. 1H NMR (CDCl3, 400 MHz) 1-Cyclohexyl-4-methylazetidin-2-one

Figure 3.2-10. 13C NMR (CDCl3, 100 MHz) 1-Cyclohexyl-4-methylazetidin-2-one
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Chapter 4. Results and data analysis

4.1. Continuous-flow synthesis and derivatisation of aziridines
through palladium-catalyzed C(sp3) C–H activation
The reaction discovered by McNally148 is an important advancement in the field of
functional group directed C–H activation of secondary amines, Scheme 4.1-1. Giving easy
access to the versatile strained nitrogen heterocycles, it opens possibilities for late-stage
functionalisations of secondary amines that are a backbone of many important
pharmaceuticals, chemical reagents and polymeric materials. A fully substituted,
unsymmetrical secondary amine, morpholinone, undergoes a selective C–H activation on
a methyl group adjacent to the carbonyl group forming aziridines. Owing to its low
efficiency and lack of scalability, the reaction could potentially benefit from a hierarchical
process design. The project set out to develop sufficient mechanistic and kinetic
understanding of the investigated reaction, and design an intensified scalable process for it.

Scheme 4.1-1 C–H activation reaction leading towards the synthesis of aziridines.
Adapted from ref. 148; PhI(OAc)2 - (Diacetoxyiodo)benzene; Pd(OAc)2 – palladium (II)
acetate; R – functional groups.
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4.1.1. Scope of the reaction
The reaction tolerates a wide range of functional groups, Figure 4.1-1, and opens
possibilities for further functionalisation of the aziridine ring via a nucleophilic ring
opening.

Figure 4.1-1 C–H activation reaction leading towards the synthesis of aziridines
substrate scope. Yields are given for the isolated compounds. Adapted from ref. 148.
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4.1.2. Mechanistic understanding
Because of the unusual chemoselectivity and extremely high regioselectivity of the
reaction, the Gaunt group began extensive studies aiming to explain the mechanistic
differences between the classical 5-membered ring cyclopalladations204 and the discovered
reaction.
McNally in his work observed that mixing two equivalents of A with palladium acetate
resulted in a bis-amine palladium (II) intermediate B, Figure 4.1-2. Upon heating and
treatment with a phosphine, a derivative of D, a putative C–H activation complex, was
obtained and crystallised. As a result of further oxidation by a hypervalent iodine and a C–
N reductive elimination, the product, aziridine, was obtained.148
Following that, Smalley performed a series of DFT calculations, aiming to explain the
regioselectivity of the C–H activation and the chemoselectivity of the C–N reductive
elimination.150 In his work, he discovered the difference in the energy for the concerted
metallation-deprotonation pathway of the C–H activation step between the methyl groups
adjacent to the carbonyl group and the ones on the other side of the molecule to be equal to
4.89 kcal mol-1 and explained this by electronic effects of the carbonyl group, increasing
acidity of the C–H bonds located closer to the carbonyl.150 Furthermore, he discovered that
the reductive elimination is preceded by acetic acid dissociation, which lowers the energy
significantly and provides the aziridine product. Additionally, the last step yields the
reformed catalyst that can re-enter the catalytic cycle. McNally and Smalley in their works
qualitatively described all species completing the catalytic cycle. The present studies began
by probing all available on-line and off-line analytic techniques to measure concentrations
of the catalytic species. Unfortunately, only the starting material and the product could be
detected quantitatively, probably due to the short-lived nature of the rest of the species and,
presumably, their low concentrations.
To support the proposed mechanism and identify the turn-over limiting step, kinetic isotope
effect (KIE) was investigated. This powerful technique is commonly used in the field of
mechanistic studies. When conducted appropriately it can provide information about which
bonds are broken or formed at different stages of the reaction, and, in some cases, about
the properties of the transition state through which these bonds are cleaved. This technique
is of great importance for C–H activation type processes, where based on KIE
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measurements one can conclude whether C–H bond cleavage occurs during the “ratedetermining step”.205
Generally, KIE experiments are conducted by accurate measurement of differences in the
observed reaction rate for reaction at the C–H bond versus the analogous C–D bond. Three
types of KIE experiments can be identified. The first type relies on measurements of two
parallel reactions (i.e. conducted in two separate vessels). The second one involves a
reaction where two substrates, C–H and C–D, compete with each other in the same flask.
The third one is based on an intramolecular competition between C–H and C–D, thus the
substrate must have two positions where C–H activation is possible.205
KIE is calculated based on Equation ( 50 )

𝐾𝐼𝐸 =

𝑘𝐻
𝑘𝐷

( 50 )

where kH (mol min-1) is the observed reaction rate for the non-deuterated starting material,
and kD (mol min-1) is the observed reaction rate for the deuterated starting material.
Aiming to avoid any competition between the two sets of methyl groups, the decision was
taken to test the cyclohexane derived morpholinone (Scheme 4.1-2)

Scheme 4.1-2. KIE experiment.

- 103 -

Chapter 4

Results and data analysis

Figure 4.1-2. Proposed mechanistic cycle.
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The experiment was performed according to Procedure 1, Chapter 3.1, and based on the
first type of the KIE experiments. The calculated KIE value was equal to 3.8, which
indicates a primary isotope effect. Hence, it was concluded that the C–H bond cleavage
occurs as a part of the turn-over limiting step (TOLS).205 This observation limits the number
of the kinetically relevant species to the ones preceding the TOLS.
Finally, the work aimed to explain the effect of acetic acid on the observed reaction rate.
McNally in his work noticed that addition of acetic anhydride allows lowering the catalyst
loading form 10 mol% to 5 mol%. Thus, the turnover number (TON) of the catalyst
increased significantly.148 He explained it by removal of the residual water from the system
and stabilisation of active palladium species. Furthermore, it was noticed that addition of
acetic acid to the reaction mixture greatly increases the observed reaction rate. Being
surprised by this fact, and attempting to explain this phenomenon, the author began
investigations utilising the quantum-mechanical approach.
Several possibilities of how acetic acid can influence the mechanistic cycle, including a C–
H cleavage involving an external acetate ligand, were considered. The calculated Gibbs
activation energy for this pathway was equal to 38.0 kcal mol-1 (TS-E). Alternatively,
cyclopalladation from the (mono)amine–Pd complex (A) to form intermediate (D), Figure
4.1-2, was characterised as a single elementary step (through concerted metalation–
deprotonation, CMD) with a barrier of 22.9 kcal mol-1, Figure 4.1-3, TS-C. This pathway
was also suggested in a number of similar cases.206–211 Additionally, it was found that
protonation of the amine with acetic acid to give SM·HOAc was energetically beneficial
by 0.8 kcal mol-1. Therefore, it is believed that acetic acid protonates the free amine (SM)
to give SM·HOAc, thereby reducing the free-amine concentration, which in turn reduces
the concentration of the off-cycle bis(amine)–Pd complex (B). Thus, palladium is
maintained in the catalytic cycle instead of being held in the off-cycle complex B, Figure
4.1-4.
Thereby, it is believed that the reaction proceeds as demonstrated in Figure 4.1-3, i.e.
starting material, SM, is being released from its salt, SM·HOAc, and coordinates to a
molecule of palladium acetate forming the (mono)amine complex, A. A undergoes a C–H
activation through the transition state TS-C forming the intermediate D. Finally, upon
oxidation, deprotonation and reductive elimination, a molecule of the product is formed
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(Figure 4.1-4). Despite being thermodynamically the most stable, the formation of
bis(amine)–Pd intermediate, B, is prohibited kinetically using an excess of acetic acid.

Figure 4.1-3 Energy profile of cyclopalladation proceeding through a CMD
mechanism.
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Figure 4.1-4 Proposed mechanistic cycle including the influence of the acetic acid on the
mechanistic cycle.
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4.1.3. Detailed kinetic investigation
The mechanism of the acid-accelerated C–H activation reaction was reduced to the kinetic
model incorporating three equilibria (K0, K1 and K2) and one irreversible reaction (k3)
(Figure 4.1-4). The elementary steps following the turnover-limiting step were ignored in
setting up the model. This resulted in the set of seven ordinary differential equations and
three algebraic equations.

𝑑𝐶𝑃𝑑(𝑂𝐴𝑐)2
= 𝑘3 𝐶𝐼 − 𝑘1 𝐶𝑃𝑑(𝑂𝐴𝑐)2 𝐶𝑆𝑀 + 𝑘−1 𝐶𝑆𝑎𝑚
𝑑𝑡
𝑑𝐶𝑆𝑚
= −𝑘0 𝐶𝑆𝑀 𝐶𝐴𝑐𝑂𝐻 + 𝑘−0 𝐶𝑆𝑀𝐻 − 𝑘1 𝐶𝑃𝑑(𝑂𝐴𝑐)2 𝐶𝑆𝑀 + 𝑘−1 𝐶𝑆𝑎𝑚
𝑑𝑡
−𝑘2 𝐶𝑆𝑎𝑚 𝐶𝑆𝑀 + 𝑘−2 𝐶𝐵𝑎𝑚
𝑑𝐶𝑆𝑀𝐻
= 𝑘0 𝐶𝑆𝑀 𝐶𝐴𝑐𝑂𝐻 − 𝑘−0 𝐶𝑆𝑀𝐻
𝑑𝑡
𝑑𝐶𝑆𝑎𝑚
= 𝑘1 𝐶𝑃𝑑(𝑂𝐴𝑐)2 𝐶𝑆𝑀 − 𝑘−1 𝐶𝑆𝑎𝑚 − 𝑘2 𝐶𝑆𝑎𝑚 𝐶𝑆𝑀 + 𝑘−2 𝐶𝐵𝑎𝑚 − 𝑘3 𝐶𝑆𝑎𝑚
𝑑𝑡
𝑑𝐶𝐵𝑎𝑚
= 𝑘2 𝐶𝑆𝑎𝑚 𝐶𝑆𝑀 − 𝑘−2 𝐶𝐵𝑎𝑚
𝑑𝑡
𝑑𝐶𝐼1
= 𝑘3 𝐶𝑆𝑎𝑚 − 𝑘4 𝐶𝐼1
𝑑𝑡
𝑑𝐶𝑃 𝑑𝐶𝐼1
=
𝑑𝑡
𝑑𝑡
𝑑𝐶𝐴𝑐𝑂𝐻
= −𝑘0 𝐶𝑆𝑀 𝐶𝐴𝑐𝑂𝐻 + 𝑘−0 𝐶𝑆𝑀𝐻 + 2𝑘3 𝐶𝑆𝑎𝑚
𝑑𝑡

𝐾0 =

𝑘0
𝑘1
𝑘2
; 𝐾1 =
; 𝐾2 =
𝑘−0
𝑘−1
𝑘−2

where:
CPd(OAc)2 is the concentration of free palladium acetate
CSM is the concentration of the starting material, (A)
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CSMH is the concentration of the salt of starting material and acetic acid, (A·HOAc)
CSam is the concentration of the single-amine intermediate, (B)
CBam is the concentration of the bis-amine intermediate, (C)
CI1 is the concentration of the intermediate 1 (after reaction k3), (D)
CP is the concentration of the product
CAcOH is the concentration of acetic acid.

Firstly, to ensure that the experiments were performed in a strictly kinetically controlled
regime, three experiments with agitation rate as the variable, were performed. The
following conditions were used: CSM0=0.05 mol l-1; CCat0=0.005 mol l-1; CAcOH=0.7 mol
l-1. Mixtures were prepared using the same stock solution, and three different agitation rates
were used: 300 RPM, 600 RPM and 900 RPM. Experiments were conducted according to
Procedure 1, Chapter 3.1.
Small variations between experiments and homogeneity of the reaction mixture allowed
assuming no influence of mass transfer on the observed reaction rate. Providing that
temperature of the reactor is kept constant by the appropriate preheating procedure, one can
assume that the reaction is in the strictly kinetically controlled regime, Figure 4.1-5.

Figure 4.1-5 The influence of agitation on the product concentration as a function of
time.
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To estimate values of the parameters, a set of 38 experiments was designed. Initially
parameters were estimated for a single temperature, 70 ºC, and finally, additional
experiments, where the temperature was varied, were used to estimate activation energies,
Table 4.1-1. To reduce the cost, the experiments were performed only once, and the
uncertainty of measurements was calculated based on the standard deviation of experiments
performed to prove that the reaction was in the strictly kinetically controlled regime, Figure
4.1-5. Experiments were performed according to Procedure 1, Chapter 3.1.

Table 4.1-1 Set of experiments used to estimate the kinetic parameters.
No.

Temperature [oC]

Palladium acetate

Substrate

Acetic acid

[mol l-1]

[mol l-1]

[mol l-1]

0

0.010

0.1

0

70

1

0.0025

0.05

0.7

70

2

0.0025

0.05

1.4

70

3

0.0025

0.05

2.1

70

4

0.0025

0.05

2.8

70

5

0.0025

0.05

3.5

70

6

0.005

0.05

0.7

70

7

0.005

0.05

1.4

70

8

0.005

0.05

2.1

70

9

0.005

0.05

2.8

70

10

0.005

0.05

3.5

70

11

0.00125

0.05

0.7

70

12

0.00125

0.05

1.4

70

13

0.00125

0.05

2.1

70

14

0.00125

0.05

2.8

70

15

0.00125

0.05

3.5

70

16

0.005

0.1

0.7

70

17

0.005

0.1

1.4

70

18

0.005

0.1

2.1

70

19

0.005

0.1

2.8

70
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Temperature [oC]

Palladium acetate

Substrate

Acetic acid

[mol l-1]

[mol l-1]

[mol l-1]

20

0.005

0.1

3.5

70

21

0.0025

0.1

0.7

70

22

0.0025

0.1

1.4

70

23

0.0025

0.1

2.1

70

24

0.0025

0.1

2.8

70

25

0.0025

0.1

3.5

70

26

0.00125

0.1

0.7

70

27

0.00125

0.1

1.4

70

28

0.00125

0.1

2.1

70

29

0.00125

0.1

2.8

70

30

0.00125

0.1

3.5

70

31

0.005

0.2

0.7

70

32

0.005

0.2

1.4

70

33

0.005

0.2

2.1

70

34

0.005

0.2

2.8

70

35

0.005

0.2

3.5

70

36

0.005

0.05

0.7

80

37

0.005

0.05

0.7

90

38

0.005

0.05

0.7

100

The kinetic parameters were fitted to the experimental data using gPROMS ModelBuilder
4.0.0.212 The assumption was made that the kinetic constants following the turn-over
limiting step are greater than the value of the k3. Thus there is no need to estimate them.
Additionally, the Gibbs energies of activation were calculated based on Eyring equation,213
where the initial guesses of the parameter estimation were calculated from the Gibbs
energies obtained from the DFT studies. The full set of experimental results and the fit
between the model and the experimental results are shown in Appendix 2.
The values of the parameters obtained during the parameter estimation are in a rather good
agreement with the energies predicted via the DFT studies (Table 4.1-2). This supports the
performed mechanistic studies and can suggest that the developed mechanism is an
accurate representation of the reaction. Small correlations between most of the kinetic
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parameters (Table 4.1-3) proved their independence. The larger correlation between K0 and
K2 can be explained by their competitive nature with respect to the starting material (Figure
4.1-4). Furthermore, small confidence intervals and t-values greater than the reference tvalue for all the estimated parameters evidence the statistical significance and precision of
the parameter estimation, Table 4.1-4.

Table 4.1-2 Fit between energies obtained during the parameter estimation and DFT
modelling.
Kinetic
parameter

Energy theoretical

Energy experimental

[kcal mol-1]

[kcal mol-1]

K0

-0.75

-0.78

K1

-10.053

-8.78

K2

6.17

5.25

k3

22.92

20.55

Table 4.1-3 Correlation matrix
Parameter

K0

K1

K0

1

K1

0.241

1

K2

0.859

0.149

1

k3

-0.375

0.312

0.134
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Table 4.1-4 Results of parameter estimation for 70 ºC.

Final value

Initial guess

Table 4.1-4 Results of parameter estimation for 70 ºC.
Model
parameter

99%

Confidence interval
95%

95% t-value

Standard
deviation

1643

90%

4.55

0.74

0.21
4248

4.53

1.44x10-3

3.92
3227

0.19

2.26

0.54
2708

0.15

3.73x10-3

0.41

2.52x106

0.12

2.83x10-3

0.34

1.47x106

8547.15

2.38x10-3

3.3

K1
657.24

1.30

16.069

K2

0.36

K0

k3
Reference t-value=1.94
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Furthermore, two semi-batch experiments were performed to test the accuracy of the
developed model, Table 4.1-5. Experiments were performed according to Procedure 2,
Chapter 3.1.

Table 4.1-5 Design of the semi-batch experiments.

Initial
concentration
experiment A
Feed
concentration
experiment A
Initial
concentration
experiment B
Feed
concentration
experiment B

Palladium
acetate
[mol l-1]

Substrate
[mol l-1]

Acetic acid Temperature
[mol l-1]
[oC]

Flow rate
[ml min-1]

0.005

0

0.5

70

-

0

0.025

0

Room
temperature

0.02

0.005

0.050

2.0

70

-

0

0.10

0

Room
temperature

0.02

A good agreement between the experimental data and the predicted kinetics for both
experimental conditions, Figure 4.1-6, provided further support for the model as a good
representation of the molecular processes.
Having evaluated the accuracy and predictive capability of the model, an in sillico
screening for the optimal conditions for running the process was performed. The design of
the continuous process model was carried on the assumption of ideal plug-flow reactor.
Two restrictive parameters were defined:
1. The reaction temperature could not be higher than 120 ºC owing to the thermal
instability of palladium acetate.214
2. Full conversion must be reached within 10 min for a large space-time yield
(STY) to be attained.
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Figure 4.1-6 Comparison of the kinetic model with experimental results for semi-batch
experiments.

The model was used to select the operating conditions that fulfilled both requirements,
while also considering that high acid concentrations may lead to a degradation of the
aziridine product.150 Optimisation in silico using the developed process model was
performed with respect to the concentrations of the starting material (A), Pd(OAc)2, AcOH
and with respect to the temperature. The results led to several possible sets of conditions.
However, priority was given to the ones characterised by the smallest catalyst loading.
Selected optimal conditions were tested experimentally, Figure 4.1-7.

Figure 4.1-7 Results of continuous-flow experiments under optimal conditions.
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The final conditions were obtained as follows: 0.1 mol l-1 SM, 0.5 mol% Pd(OAc)2, 10 eq.
AcOH, 2 eq Ac2O, toluene, 120 ºC, 10 min. The continuous flow experiments were
performed according to Procedure 3, Chapter 3.1.

4.1.4. Black box optimisation
Following the full deconvolution of the mechanism of the investigated transformation, the
sequential black-box optimisation was conducted to compare the experimental cost of the
two competing approaches.
The MOAL algorithm was fed with a set of five experiments designed based on the Latin
Hypercube sampling (LHS) approach, where a uniform cumulative distribution function
(CDF) is taken for each variable, and the variable range is partitioned into five sections
(corresponding to five experiments). One random variable value is then taken within each
defined range.

Table 4.1-6 Recipes for experiments in the initial training of the black box optimisation.
Experiment Residence

Concentration

Concentration Concentration Temperature

number

time

of the substrate of the catalyst of acetic acid

[min]

[mol l-1]

[mol l-1]

[mol l-1]

1

58.8

0.0322

0.0028

1.5435

60

2

17.0

0.0524

0.0051

2.7894

72

3

41.9

0.0772

0.0071

2.2206

86

4

91.6

0.0181

0.0011

0.0649

97

5

58.8

0.0930

0.0089

3.5487

106

[oC]

Following the initial set of experiments, the algorithm was iteratively suggesting new sets
of conditions, Table 4.1-7. The procedure was repeated until both criteria were satisfied,
i.e. the yield was higher than 99%, and the cost function was at least as low as the cost
calculated based on the experimental conditions obtained in the course of the in sillico
optimisation described in the previous chapter, Figure 4.1-8 and Figure 4.1-9.
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After a single iteration, the results suggested a set of conditions already being more
promising than any of the training points. The target for yield was met, as perhaps expected
as it was met for two of the training experiments as well, and the value for the cost function
was significantly reduced, getting closer to the pre-defined target. While it was observed
that experiments 7 and 9 had a large margin of error with regards to the targets, this is due
to the exploratory function of the algorithm, Figure 4.1-8.
Using the black box optimisation, the set of suitable conditions was found performing a
rather small amount of experimental work. The conditions comparable to the ones obtained
in the previous chapter were found after generating only 11 data points, where, in the
classical approach, around 400 experimental points were generated. The rapid search for
conditions using the semi-automated system, allowed shortening the time necessary to find
the suitable conditions, although it did not provide any process knowledge. Without the
prior knowledge of the influence of acetic acid on the observed reaction rate, the black box
optimisation would not yield such a good result.

Figure 4.1-8 Results of the black box optimisation. Blue “dots” correspond to the cost
function – left vertical axis; Orange “diamonds” correspond to the yield – right vertical
axis.
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Table 4.1-7 Recipes for experiments suggested by the algorithm.
Experiment

Residence

Concentration

Concentration

Concentration

Temperature

number

time [min]

of 1 (the

of the catalyst

of acetic acid

[ºC]

substrate)

[mol l-1]

[mol l-1]

[mol l-1]
6

30.8

0.0756

0.0055

2.3368

109

7

35.9

0.0057

0.0004

0.0717

109

8

51.1

0.0993

0.0047

3.1000

96

9

115.7

0.0887

0.0043

3.5923

105

10

25.6

0.0998

0.0084

3.0330

86

11

15.3

0.0859

0.0072

2.3927

102

Figure 4.1-9 Trajectory of the black box optimisation. The red star represents the final
set of conditions.
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4.1.5. Design of the reactor and separation system for the
aziridination reaction
Having obtained the set of suitable conditions for a continuous flow process, the design of
a suitable reactor system was performed. The following aspects were investigated:
•

Flow reactor

•

Purification technique

Owing to the homogeneous nature of the reaction mixture, the design of the flow reactor
was greatly simplified. The decision was made to use:
•

On the micro-scale, a custom built 240 µl silicon-glass microreactor equipped with a
heat exchanger.

•

On the meso-scale, a commercially available 10 ml tubular PFE reactor supplied by
Vapourtec. The diameter of the PFE tube equal to 1/16”.

On the micro-scale, the temperature was controlled via a temperature controlled circulator
using ethylene glycol as a heating/cooling medium. On the meso-scale, Vapourtec R2+/R4
was used.
The decision was taken to design a suitable purification system allowing separation of the
product and the catalyst of the investigated reaction. Following unsuccessful trials
involving bi-phasic extraction using a range of available solvents and crystallisation, where
palladium particles “coated” crystals of the product generated upon addition of a solution
of hydrochloric acid in dioxane, the decision was taken to use a system of scavenging
columns.
The first column, designed to catch the palladium catalyst, could not be filled with the most
powerful, acid-based, metal scavengers because they would scavenge both the catalyst and
the aziridine product. Nevertheless, it was found that the commercially available QuadraSil
AP (with a pendant primary amine) supplied by Johnson Matthey successfully coordinated
only to palladium species, thus enabled removal of the catalyst from the spent reaction
mixture.
In the second separation step, the amine product could be separated from the reaction
mixture using a silica gel functionalized with strongly acidic groups. In this study, the
Isolute SCX-3 gel (with pendant sulfonic acid groups) was used as the amine scavenger.
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The product can be washed on the gel and subsequently removed by a high pH eluent. Due
to experimental practicality, a 4N solution of ammonia in methanol was used. Finally, after
evaporation of the solvent, the aziridine product of high purity was collected.
The synthesis was run according to Procedure 4, Chapter 3.1. After exiting the temperature
controlled flow reactor, the reaction mixture was passed over the first scavenging column.
The reaction mixture leaving the first scavenging column was passed over the second
scavenging column, and finally, the spent reaction mixture was passed via a back pressure
regulator, setting the system pressure to 6 bar(g), and directed to a waste container, Figure
4.1-10a. To elute the product from the second column, firstly a fresh solvent was passed
through the column to elute any residual waste (5 column volumes), and finally, a solution
of ammonia in methanol (4N) was passed through the column to neutralise the charge on
the gel. A solution of the aziridine product was collected, and upon solvent evaporation,
the product of high purity was obtained in 90% yield, Figure 4.1-10b.
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a)

b)

Figure 4.1-10 Flow process for the aziridination C–H activation reaction. a) Flow
reactor: silicon/glass microfluidic reactor or PFE tubular reactor. The first column
separates the catalyst from the spent mixture; the second column separates the product.
Reactants were delivered via: pump A (starting material, oxidant, acetic acid), pump B
(catalyst, acetic acid, acetic anhydride). A 6 bar pressure regulator was fitted; b) Elution
of the product from the “catch” column.
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Under the selected set of conditions, a space-time yield of 0.463 kg l(reactor)-1 h-1 was
achieved. Using the Vapourtec system, allowed synthesis of 4.68 mmol (0.78 g) per hour
of the product. The Vapourtec R-Series is designed to operate autonomously and the
operational time is only limited by the capacity of the scavenger columns. This limitation
can easily be overcome with a setup including two sets of columns: one operational and
one in a standby mode. Additionally, thanks to the homogeneity of the mixture and low
dependence on mass transfer, the reactor system should prove to be easily scalable giving
access to even larger amounts of aziridine products.

4.1.6. Nucleophilic ring opening reaction
To extend the synthetic utility of the continuous-flow C–H activation procedure, the
possibility of coupling of the C–H activation step to a subsequent reaction in a single flow
process was investigated. It had been previously shown that the aziridine products could be
functionalized through ring-opening reactions with various nucleophiles, such as
carboxylic acids, azides, thiols, and halogens.148,215 To further highlight the benefits of
translating this batch process into flow, it was aimed to develop a robust procedure suitable
for opening aziridines with weak nucleophiles and reagents that could be potentially
hazardous when used in batch.
McNally suggested that the ring-opening reaction requires presence of either a strong
Brønsted or Lewis acid to activate the aziridine.148 In the current system, it was questioned
whether a strongly acidic scavenging resin might also function as the catalyst for the
aziridine ring opening, thereby reducing the number of chemical operations and
streamlining the overall transformation.
The final choice of the second column scavenger was preceded by a screening of possible
acidic scavengers for activity in the nucleophilic ring opening reaction. The following
silica-based gels were tested: QuadraSil® MP (3-mercaptopropyl-functionalized silica gel),
QuadraSil® SA (propyl sulfonic acid functionalized silica), ISOLUTE® SCX-3
(ethylbenzene sulfonic acid functionalized silica gel).
From the tested silica gels, QuadraSil® SA and ISOLUTE® SCX-3 successfully catalysed
the nucleophilic ring opening. Gels were tested using 2,2,6-trimethyl-4-oxa-1azabicyclo[4.1.0]heptan-5-one as the substrate and methanol as the nucleophile. The
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scavenger column loaded with the aziridine was heated to 60 ºC, and the stream of the
nucleophile was pumped for 30 minutes at 0.1 ml min-1 flowrate. The methodology was
tested using three selected weak nucleophiles: water, methanol and in situ generated
hydrazoic acid. All tested nucleophiles gave high isolated yields ranging from 92% to 72%,
Figure 4.1-11. The use of a solid-state support significantly simplified the reaction
procedure, minimised the number of purification steps, and shortened the reaction time
considerably.
Although several reactions were previously described for the aziridine ring opening in a
continuous flow,216 none have been performed using an immobilisation–activation strategy.
High purity of the crude mixture (>95%, 1H NMR) allows direct transformations of the
synthesised amines without any additional treatment. This protocol could be used more
generally for the opening of various aziridines through the effective “catch–release” flow
process. Furthermore, the otherwise time-consuming and hazardous reactions with
hydrazoic acid precursors can be conducted much more safely.
Results of the NMR analysis of all purified molecules can be found in Appendix 3.

Figure 4.1-11 Tested scope of the nucleophilic ring opening of aziridine product. Yields
are given for the isolated compounds.
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3-(Azidomethyl)-3,5,5-trimethylmorpholin-2-one; CDCl3, 400MHz (1H) 100MHz (13C)

1

H NMR (400 MHz, CDCl3) δ: 4.20 (d, J =2.0 Hz, 1H, H-1), 4.13 (d, J =2.0 Hz, 1H, H-1),

3.57 (d, J = 3.0 Hz, 1H, H-6), 3.20 (d, J = 3.0 Hz, 1H, H-6), 1.41 (s, 3H, H-7), 1.23 (s, 3H,
H-3/4), 1.19 (s, 3H, H-3/4); 13C NMR (100 MHz, CDCl3) δ: 172.4, 78.0, 60.6, 58.8, 48.9,
27.2, 26.2, 26.0; IR νmax/cm-1(film): 3332, 2973, 2097, 1728, 1286, 1045; m/z HRMS: (ESI)
found [M+H]+ 199.1186, C8H15N4O requires 199.1190

3-(Hydroxymethyl)-3,5,5-trimethylmorpholin-2-one; CDCl3, 400MHz (1H) 100MHz (13C)

1

H NMR (400 MHz, CDCl3) δ: 4.14 (d, J =3.0 Hz, 1H, H-1), 4.13 (d, J =3.0 Hz, 1H, H-1),

3.70 (d, J = 3.0 Hz, 1H, H-6), 3.35 (d, J = 3.0 Hz, 1H, H-6), 1.38 (s, 3H, H-7), 1.24 (s, 3H,
H-3/4), 1.17 (s, 3H, H3/4); 13C NMR (100 MHz, CDCl3) δ: 173.9, 77.6, 69.2, 58.9, 48.9,
26.2, 26.1, 25.6; IR νmax/cm-1(film): 3313 (br, O–H), 2974, 1721 (C=O), 1284, 1047; m/z
HRMS (ESI) found [M+H]+ 174.1121, C8H16NO3 requires 174.1125

3-(Methoxymethyl)-3,5,5-trimethylmorpholin-2-one; CDCl3, 400MHz (1H) 100MHz
(13C)

1

H NMR (400 MHz, CDCl3) δ: 4.14 (d, J =2.0 Hz, 1H, H-1), 4.12 (d, J =2.0 Hz, 1H, H-1),

3.62 (d, J = 3.0 Hz, 1H, H-6), 3.33 (s, 3H, H-7), 3.21 (d, J = 3.0 Hz, 1H, H-6), 1.33 (s, 3H,
H-8), 1.23 (s, 3H, H-3/4), 1.13 (s, 3H, H-3/4); 13C NMR (100 MHz, CDCl3) δ: 173.3, 79.6,
78.5; 59.2, 58.7, 48.5, 26.6, 26.1, 25.1; IR νmax/cm-1(film): 2970, 1733 (C=O), 1284, 1104,
1049; m/z HRMS (ESI) found [M+H]+ 188.1279, C8H16NO3 requires 188.1281
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Figure 4.1-12. 1H NMR (CDCl3, 400 MHz) 3-(Azidomethyl)-3,5,5-trimethylmorpholin-2-one

Figure 4.1-13. 13C NMR (CDCl3, 100 MHz) 3-(Azidomethyl)-3,5,5-trimethylmorpholin-2-one
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Figure 4.1-14. 1H NMR (CDCl3, 400 MHz) 3-(Hydroxymethyl)-3,5,5-trimethylmorpholin2-one

Figure 4.1-15. 13C NMR
trimethylmorpholin-2-one

(CDCl3,

100
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Figure 4.1-16. 1H NMR (CDCl3, 400 MHz) 3-(Methoxymethyl)-3,5,5-trimethylmorpholin2-one

Figure 4.1-17. 13C NMR (CDCl3, 100 MHz) 3-(Methoxymethyl)-3,5,5-trimethylmorpholin2-one
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4.1.7. Discussion
The developed thorough mechanistic and kinetic understanding was used to design a
continuous flow process for the investigated reaction. Thanks to the explanation of the role
of acetic acid, not only a complete understanding of the mechanism was built, but also a
convenient way of process intensification, through the introduction of a second off-cycle
intermediate, was discovered.
The mechanistic and kinetic studies revealed an obstacle inherent to palladium catalysed
C–H activation of amines. The presence of a stable bis-amine intermediate results in low
observed reaction rates and, in certain cases, can preclude the reactivity. The search for
ways to destabilise this complex revealed that one could generate a second off-cycle
intermediate in order to inhibit formation of the bis-amine complex kinetically. Even
though this solution may not be versatile, especially for reactions incompatible with an
acidic environment, it may prove to be useful for a cost-effective process intensification of
this family of reactions. The choice of acid may play a crucial role here. In the presented
case, acetic acid was strong enough to generate a stable salt of the morpholinone; other
substrates may require acids of a different pKa.
Additionally, a slightly acidic environment allowed increasing the maximum turnover
number (TON) form initial 20 to nearly 200. This increase, achieved without using
expensive ligands, can also be applicable to a range of similar processes and can help in
further reduction of the environmental impact of palladium-catalysed processes.
Despite being experimentally expensive, building a full mechanistic model provides the
most process knowledge. Thus, it lowers the uncertainty of designed processes. After
assuring that the reaction is performed in a strictly kinetically controlled regime, a set of
experiments was used to estimate model parameters. Analysis of the estimation revealed
that the obtained parameters are statistically significant and, additionally, the values of
activation energies are in a rather good agreement with the energies obtained during DFT
modelling.
The predictive model should be applicable also to conditions where the model has not been
previously tested. This was demonstrated via the semi-batch experiments. Finally, being in
possession of the detailed understanding of the mechanism and the kinetics of the reaction
allowed a rapid in sillico search for optimal process conditions, Figure 4.1-18.
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Figure 4.1-18 Development of the continuous process for the aziridination reaction.

The conditions optimised for a continuous process allowed not only reduction of the
catalyst loading by a factor of 10, but also, shortened the time necessary to achieve full
conversion from initial 12 h to 10 min. Furthermore, the yield of the reaction increased to
a level close to the stoichiometric conversion. The applied conditions resulted in full
consumption of the starting material. The inevitable ullage of the material is presumably
due to thermal decomposition of the starting material and losses during purification.
The comparison of the experimental cost of the full deconvolution of the process
complexity and the black box approach demonstrated the utility of statistical tools in the
search for suitable conditions to run the process. Without building any process knowledge,
it was shown that one could reduce the experimental cost drastically. In the presented case,
11 points have been used in contrast to approximately 400 measurements for the detailed
mechanistic studies what gives almost 37 times faster optimisation. However, it would not
be possible without possessing a thorough understanding of the process. Purely statistical
tools would not discover that addition of acetic acid can accelerate the reaction. Thus, the
optimisation would be limited to the space of possible conditions similar to the ones
described by McNally.148 Nevertheless, this methodology demonstrated its utility as an
inexpensive and rapid tool for search of suitable conditions to run the process.
The design of the reactor system by a choice of an appropriate reactor and coupling it with
a purification method was practised. Due to the homogeneous nature of the reaction, the
selection of the reactor was greatly simplified and mostly concerned the scale of the process
by choice of a suitable volume. On the micro-scale, a 240 µl silicon/glass microreactor was
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used. A realisation of the meso-scale was achieved in a commercially available 10 ml
tubular PFE reactor supplied by Vapourtec. If required, a further scale-up or scale-down
should be easily achieved by changing the reactor volume.
Since the process uses an expensive palladium catalyst, the decision was taken to separate,
and if possible also recycle it. The efficient separation of the catalyst and the product of the
reaction was achieved by employing a set of scavenging columns, from which the first one
separated the palladium species from the reaction mixture, and the second one, under
operational conditions, caught only the product. A convenient elution protocol allows a
rapid and efficient collection of a high purity product and the spent catalyst.
It was also questioned whether a strongly acidic silica gel could act as an efficient catalyst
for a nucleophilic ring opening reaction. It was demonstrated that it could be easily
achieved using sulfonic acids and the utility of this protocol was tested using weak
nucleophiles. Up to the author’s best knowledge, this is the first continuous process for the
aziridine ring opening reaction using a solid supported substrate and one of the first C–H
activation processes in flow. The designed process should be applicable to a wide range of
processes characterised by similar conditions and can aid in more efficient and faster
process design for C–H activation reactions. Additionally, telescoping of consecutive
reactions allows reduction in the number of purification steps. This can not only minimise
the environmental impact and the cost of the whole process but also allow decreasing the
footprint of the setup.
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β-C–H carbonylation of aliphatic amines to β-lactams

The recently published by Willcox and Chappell et al.203 process gives an easy access to
the β-lactam feature via a C(sp3)–H oxidative carbonylation of secondary amines (Scheme
4.2-1). The use of readily available, unprotected amines combined with a wide range of
tolerated functional groups can find broad applications in organic synthesis. The utility of
this reaction in the late-stage functionalisation of complex molecules has been
demonstrated in the original study; a selection of pharmaceutical derivatives and
biologically active molecules was successfully carbonylated using the described protocol,
giving high yields and selectivity towards β-lactams.203

Scheme 4.2-1 β-C–H carbonylation of aliphatic amines to β-lactams. AdCOOH = 1adamantanecarboxylic acid. Conditions: 10 mol% Pd(OAc)2, 10 mol% Cu(OAc)2, 1 eq
p-benzoquinone, 30 mol% AdCOOH, 10 mol% Li-quinoline, PhMe, 120 ºC, 12 h.

Notwithstanding its broad scope and wide applicability, the process suffers from the
inefficiencies typical to oxidative carbonylations, see Chapter 2.3.2.
To extend the utility of the discovered reaction, further studies of the kinetics and the
mechanism of the process were required. Based on a deeper mechanistic understanding and
process intensification, a scalable process could be designed.
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4.2.1. Kinetic investigation
Despite extensive DFT studies performed by Willcox and Chappell et al.,203 it was not
possible to use them to build a detailed kinetic model due to inability to measure
concentrations of intermediates.
The reaction involves three phases. Hence, the intrinsic chemical kinetics may be affected
by a number of possible physical processes, such as interphase mass transport, solubility,
mixing and so on, which would affect the observed activation energy. Therefore, a model
that describes the combination of the chemical and physical processes is required to
describe this reaction correctly.

Table 4.2-1 Standard conditions used for carbonylation experiments.
Substrate (N-Cyclohexylisopropylamine)

0.05 mol dm-3

Pd(OAc)2

0.005 mol dm-3 (10 mol%)

Cu(OAc)2

0.005 mol dm-3 (10 mol%)

p-benzoquinone

0.075 mol dm-3 (150 mol%)

AdCOOH

0.015 mol dm-3 (30 mol%)

Li-quinoline

0.004 mol dm-3 (10 mol%)

Toluene

10 ml

CO / Air 6.25% v/v

10 bar(g)

Temperature

120 ºC

Agitation rate

300 RPM (2 cm cross-shaped magnetic
bar)

The investigations began by an attempt of estimation of mass transfer between the gas and
the liquid phase by in situ measurement of the dissolved CO using ATR mid-FTIR
spectroscopy. This analytical technique proved to be successful in the previous studies.176
However, due to the elevated temperature, the IR signal was too weak for the quantitative
analysis even at elevated pressures of up to 20 bar(g). If the liquid phase CO concentration
is unknown, it is more challenging to ensure that the reaction is performed strictly under
the kinetic control regime. Thus, only an apparent rate of the reaction, being a cumulative
function of both, the chemical and the physical processes taking place in the system, can
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be estimated. Such understanding does not allow an in sillico search for optimal conditions,
because the observed behaviour may be valid only within the tested range of conditions.
Owing to an inability to measure gas-liquid mass transfer, it was necessary to reduce the
complexity of the kinetic model. Studies were performed using the Reaction Progress
Kinetic Analysis40 that allowed investigation of the apparent orders of the influence of
separate reaction species. Notably, due to an inability to ensure that the experiments were
performed under strict kinetic control, the obtained orders may not represent the true
mechanism. The observed behaviour may be a result of a mass transfer limitation, a
starvation of the process of one of the reactants or an interplay of both. Thus, no conclusions
may be drawn from the kinetic studies until the activation energies are estimated. Small
values of the activation energies may suggest that the observed behaviour is due to the
physical limitations of the system.
In previous studies of a similar system, formation of a catalytically inactive bis-aminepalladium complex, being a product of coordination of two molecules of the starting
material to the palladium catalyst, was observed.150,217 Formation of this off-cycle
intermediate results in a negative order influence of the concentration of the starting
material on the apparent reaction rate. Since in the currently investigated process, formation
of the bis-amine-palladium complex is also possible, a similar behaviour was anticipated.
As expected, the concentration of the starting material proved to have an apparent negative
order, Figure 4.2-1.
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x 10-3

Figure 4.2-1. Influence of the concentration of the starting material on the observed
reaction rate for standard conditions. Trend lines added for the convenience of the eye.
Csm0: initial concentration of starting material. p=7 bar(g).

The influence of the concentration of the palladium catalyst on the reaction rate shows a
complex behaviour. The increase from 5 to 10 mol% caused acceleration of the reaction.
However, the acceleration was significantly smaller than expected, Figure 4.2-2. A further
increase in the catalyst concentration did not bring any substantial change in the reaction
rate. This behaviour could be explained by a mass transfer related limitation, most likely
due to either the low solubility or insufficient flux of carbon monoxide to the liquid phase.
Should this hypothesis be true, an increase in CO partial pressure should result in an
increase in the observed reaction rate.

Figure 4.2-2. Influence of the catalyst loading on the observed reaction rate for standard
conditions. Trend lines added for the convenience of the eye.
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Investigating the influence of pressure, it was observed that an increase in pressure not only
increased the reaction rate, but also resulted in higher yields, Figure 4.2-3. The positive
trend reversed at around 12 bar(g), where a significant decrease of the yield was noticed,
presumably owing to the strongly reductive nature of carbon monoxide that potentially can
reduce PdII to Pd0. Pd0 upon precipitation and aggregation forms so-called palladium black.

Figure 4.2-3. Influence of the gauge pressure of 6.25% CO balanced by air v/v on the
observed reaction rate for standard conditions. Trend lines added for the convenience
of the eye.

Increasing the total pressure simultaneously increases the oxygen partial pressure and,
hence, the concentration of the dissolved oxygen. This could, potentially, accelerate the
oxygen-copper-palladium redox cycle and thus, increase the apparent reaction rate. To
exclude this possibility, several experiments varying the concentration of copper (II)
acetate using the same partial pressure of oxygen were conducted. There was no increase
in the observed reaction rate, Figure 4.2-4. Hence, it was concluded that the re-oxidation of
palladium is not a turnover-limiting step.

- 135 -

Chapter 4

Results and data analysis

Figure 4.2-4. Influence of the concentration of copper acetate on the observed reaction
rate for standard conditions. Trend lines added for the convenience of the eye.

The presence of 5 mol% of the ligand, Li-quinoline, elevated the yield of the reaction by
more than 20%. The further increase in Li-quinoline concentration did not supplementary
improve the yield, Figure 4.2-5. The rate is zero-order with respect to the ligand. Similarly,
1,4-benzoquinone, that was required in the concentration slightly higher than the
stoichiometric amount to achieve the highest yields, proved to have no influence on the rate
of the reaction, Figure 4.2-6. This suggests that both, Li-quinoline and p-benzoquinone,
enter the catalytic cycle after the turnover-limiting step. Thus, can be omitted in setting up
the kinetic model. When testing the effects of 1-adamantane carboxylic acid, it was
observed that it had an initially positive influence on both the yield and the reaction rate.
At the concentration higher than double of the concentration of the catalyst, the trend has
reversed and the yield as well as the rate decreased, Figure 4.2-7.
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Figure 4.2-5. Influence of the concentration of Li-quinoline on the observed reaction rate
for standard conditions. Trend lines added for the convenience of the eye. p=7 bar(g).

Figure 4.2-6. Influence of the concentration of p-benzoquinone on the observed reaction
rate for standard conditions. Trend lines added for the convenience of the eye.

Figure 4.2-7. Influence of the concentration of 1-adamantanecarboxylic acid on the
observed reaction rate for standard conditions. Trend lines added for the convenience of
the eye.
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Based on the deconvolution of the orders of the influence of the species used in the reaction
on the observed reaction rate, Table 4.2-2, the simplified catalytic cycle was proposed, see
Figure 4.2-8.

Table 4.2-2 A summary of the influence of the substrates on the observed reaction rate and
their use in setting up a kinetic model.
Compound

Order of the influence

Used in the model as

Substrate

Negative

Variable

Pd(OAc)2

Positive

Variable

Cu(OAc)2

Zero

Constant

AdCOOH

Negative

Constant

Li-quinoline

Zero

Constant

Pressure

Positive

Variable

Figure 4.2-8 Proposed, simplified catalytic cycle. Ad- denotes adamantane.
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The mass balance of palladium species can be written in the form of Equation ( 51 ).

[𝑃𝑑]𝑡𝑜𝑡𝑎𝑙 = [𝑃𝑑 2+ ] + [𝑆𝐴𝑚] + [𝐵𝐴𝑚]

( 51 )

Assuming a quasi-steady sate, the off- and on-cycle equilibria can be expressed as
Equations ( 52 ) and ( 53 ).

𝑘−1 [𝑆𝐴𝑚] = 𝑘1 [𝑃𝑑 2+ ][𝑆𝑀]

( 52 )

𝑘2 [𝑆𝐴𝑚][𝑆𝑀] = 𝑘−2 [𝐵𝐴𝑚]

( 53 )

𝑘−1
𝑘2 [𝑆𝑀]
[𝑃𝑑]𝑡𝑜𝑡𝑎𝑙 = [𝑆𝐴𝑚] [
+1+
]
𝑘1 [𝑆𝑀]
𝑘−2

( 54 )

Thus:

Then, the reaction rate can be written in the form of Equation ( 55 )

𝑟𝑎𝑡𝑒 =

𝑑[𝑃]
𝑘3 [𝐶𝑂][𝑃𝑑]𝑡𝑜𝑡𝑎𝑙
= 𝑘3 [𝑆𝐴𝑚][𝐶𝑂] =
𝑘−1
𝑘
𝑑𝑡
1+
+ 2 [𝑆𝑀]
𝑘1 [𝑆𝑀] 𝑘−2

( 55 )

alternatively, Equation ( 56 ).
𝑟𝑎𝑡𝑒 =

𝑘3 [𝐶𝑂][𝑃𝑑]𝑡𝑜𝑡𝑎𝑙
𝑎
1+
+ 𝑏[𝑆𝑀]
[𝑆𝑀]

( 56 )

where:
𝑎=

𝑘−1
𝑘1

( 57 )

𝑏=

𝑘2
𝑘−2

( 58 )
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Additionally, using GC/MS analysis, a by-product of the reaction was identified. Analysis
of the fragmentation pattern suggested the formation of an acetylated Ncyclohexylisopropylamine, Figure 4.2-9. Comparison of the signal from the reaction
mixture with a sample of pure N-cyclohexyl-N-isopropylacetamide confirmed this
hypothesis.

Figure 4.2-9 By-product of the β-C–H carbonylation reaction: N-cyclohexyl-Nisopropylacetamide.

The experiments performed to investigate the orders of the influence of species taking part
in the reaction on the observed reaction rate were used in the parameter estimation using
gPROMS® Model Builder 4.0.0.212 The parameters were estimated using the simplified
model, Figure 4.2-8 and Equation ( 56 ), for both the product and the by-product of the
reaction. Due to lack of reliable data for Henry’s law coefficient for carbon monoxide in
toluene, the concentration of CO was replaced by pressure in setting up the model. Initially
the parameters were estimated for a single temperature (120 ºC), and finally, additional
experiments, where the temperature was varied, were used to estimate the activation
energies. To minimise the number of parameters to estimate, a re-parametrised version of
the Arrhenius equation was used, Equation ( 59 ).

𝑘 = 𝑘𝑟𝑒𝑓 exp [

𝐸𝑎 1
1
( −
)]
𝑅 𝑇 𝑇𝑟𝑒𝑓

( 59 )

where kref is the value of the parameter estimated for the reference temperature (Tref); in this
specific case 120 ºC.
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Table 4.2-3 Results of parameter estimation for 120 oC for the simplified mechanism of the carbonylation reaction.

Model

Standard

16.58

deviation
99%

2.59

95% t-value
95%

43.16

Initial guess
90%

32.71

Final value

27.42

parameter
500

2.021×10-5

894.70

10.079

0.17

k3P

5.26×10-5

1.26

-

0.0201
3.99×10-5

0.044

-

-

1.607
3.34×10-5

0.34

-

-

0.052

10

0.025

-

-

0.039

0.0011

1

-

-

0.033

bP
0.057

1

-

10

k3BP
0

1

0.072

aBP

0

aP

aBP

Reference t-value (95%): 1.65
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Table 4.2-4 Correlation matrix for experiments at 120 ºC for the carbonylation reaction.
Parameter

k3p

ap

bp

k3p

1

ap

0.996

1

bp

0.985

0.954

1

k3BP

0.163

0.131

0.201

k3BP

1

Due to large correlations, Table 4.2-4, it was impossible to estimate the values of the
parameters independently. Additionally, for parameters aP and k3BP the t-value was lower
than the reference t-value, meaning that the parameter estimation in these cases was not
statistically significant, Table 4.2-3.
Because of the large correlations, the number of parameters was reduced, and the rate
equation was brought to the form of Equation ( 60 ). Following that, the estimation was
repeated.

𝑟𝑎𝑡𝑒 = 𝑘3 [𝐶𝑂][𝑃𝑑]𝑡𝑜𝑡𝑎𝑙

( 60 )

The new model proved to be statistically significant, Table 2.1-1 and Table 4.2-7. Despite
its simplicity, the model fitted the reaction rather well (the weighted residual was smaller
than χ2 value for 95% confidence). Following the estimation of parameters for 120 ºC,
further experiments were designed to estimate the activation energies. The following
temperatures were used: 100 ºC, 130 ºC, 140 ºC and 150 ºC.
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Standard

95%

47.68

99%

3.079

3.16

0.0027

17.23

Confidence interval

Table 4.2-5 Results of parameter estimation for 120 oC for the reduced model for simplified mechanism of the carbonylation reaction.

Model
90%

35.31

0.0071

deviation

27.43

0.0053

95% t-value

0
0.0045

Initial guess

792.021
0

Final value

k3P
0.057

parameter

k3BP
Reference t-value (95%): 1.65

Standard
95%

1.74

99%

0.38

3.79

4.042

0.67

Confidence interval

Table 4.2-6 Results of parameter estimation for the reduced model for simplified mechanism of the carbonylation reaction

Model

90%

1.32

10.50

deviation

1.11

7.96

95% t-value

0

6.67

Initial guess

5.011

0

Final value

EaP

3.048

parameter

EaBP

Reference t-value (95%): 1.65
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Table 4.2-7 Correlation matrix for the simplified mechanism for the carbonylation reaction
for 120 ºC.
Parameter

ap

ap

1

aBP

0.173

aBP

1

Table 4.2-8 Correlation matrix for the simplified mechanism for the carbonylation
reaction.
Parameter

Eap

Eap

1

EaBP

0.0928

EaBP

1

The estimation of the activation energies yielded a set of parameters that described the
system rather well (the weighted residual was smaller than χ2 value for 95% confidence),
Table 4.2-6 and Table 4.2-8. The reference t-value for the activation energy of the byproduct formation was significantly larger than the t-value of the estimation suggesting that
the number of experiments used for the parameter estimation was too small to estimate this
parameter precisely. This may be caused by the rather small concentration of the by-product
formed under operating conditions, being usually in the range of 10-4 mol dm-3.
The estimation of the activation energy gave a very low value, Table 4.2-6, which,
combined with the apparent zero orders of the influence of several reaction species on the
reaction rate, suggests that the reaction is starved of one of the reactants. The positive order
influence of the partial pressure of CO on the apparent reaction rate means that the limiting
factor is the delivery and the equilibrium concentration of CO in the liquid phase. Thus, it
was not possible to use the developed kinetic expression to build a predictive model. Hence,
it was impossible to perform an in sillico process design.
To further test the hypothesis of CO starvation, several solvents were selected for a closer
investigation. Should the hypothesis of CO starvation be true, in the absence of other
possible influences of a solvent change on the catalytic reaction, the solvents characterised
by a lower solubility of CO would result in a slower reaction. Due to lack of reliable
literature data on Henry’s law coefficients for CO in standard organic solvents, an a
priori thermodynamic method implemented in COSMOtherm was used to predict them.218
- 144 -

Chapter 4

Results and data analysis

Furthermore, the decision was taken to test solvents for which a good performance in other
carbonylation processes was reported in the literature and to avoid environmentally poor
ones. From the selected solvents, only toluene, xylene and esters gave measurable
reactivity, Table 4.2-9. DMF, DMSO and MeCN presumably coordinated to PdII species
forming kinetically stable complexes. Thus, prohibited the reaction. The reaction in ethyl
acetate was slower than the reaction in toluene, which is consistent with the predicted CO
solubility in EtOAc being significantly lower than the one in toluene. The greater apparent
reaction rate in toluene further supports the hypothesis that the reaction was starved of CO.

Table 4.2-9 Henry’s law coefficients predicted by COSMOtherm at 150 ºC.
Solvent

Henry’s law coefficient [bar]

Observed reactivity

Toluene

891.98

yes

p-Xylene

858.35

yes

Acetonitrile

1874.21

no

Ethyl acetate

1255.90

yes

Isopropyl acetate

1135.65

yes

THF

1193.10

no

DMF

1391.02

no

DMSO

1776.34

no

Starvation of the reaction of CO may be the reason of severe inefficiencies of oxidative
carbonylation processes performed at ambient pressure since even at the elevated pressure
the reaction is CO-limited. The apparent reaction rate of the investigated carbonylation
reaction reached a maximum at approximately 10 bar total pressure, and a further increase
of pressure resulted in the decrease of the yield. This observation allowed to establish the
optimal pressure/concentration of CO to run the process. Based on the available heuristics
a set of optimal conditions was identified, Table 4.2-10.

- 145 -

Chapter 4

Results and data analysis

Table 4.2-10. Standard conditions used in process optimisation of the oxidative
carbonylation reaction.
N-Cyclohexyl-isopropylamine

0.05 mol dm-3

Pd(OAc)2

0.005 mol dm-3 (10 mol%)

Cu(OAc)2

0.0025 mol dm-3 (5 mol%)

p-benzoquinone

0.075 mol dm-3 (150 mol%)

AdCOOH

0.013 mol dm-3 (25 mol%)

Li-quinoline

0.0025 mol dm-3 (5 mol%)

CO / Air 6.25% v/v

10 bar

temperature

120 ºC

Reactions were conducted at a 20 mL scale using a 2 cm cross-shaped magnetic bar at an
agitation rate 300 rpm.

All experiments in this section were conducted according to Procedure D, Chapter 3.

4.2.2. Process optimisation
Despite using a relatively inexpensive pre-catalyst, namely palladium (II) acetate, 5-10
mol% is still a significant amount of rare metal and raises issues of sustainability (resource
use) and safety (Pd toxicity) for potential industrial applications. Therefore, it was highly
desirable to increase the turnover number (TON) of the investigated process thus, lower the
amount of palladium used in the reaction. The conditions given in Table 4.2-10 were used
as a reference point.
Willcox and Chappell et al. discovered that the yield of this reaction could be increased
using nitrogen-ligands, namely Li-quinoline or quinuclidine.203 However, the mechanism
of this influence remains unknown. It was questioned whether the ligand plays a direct role
in the formation of the product or, rather, coordinates to the palladium species after the
product formation, preventing the creation of insoluble species prior to oxidation back to
the active catalyst; zero order influence of the Li-quinoline on the apparent reaction rate
may suggest the latter. To test this hypothesis, the expensive Li-quinoline was replaced
with, arguably, the cheapest and the most environmentally friendly amine-derived ligand,
pyridine. Surprisingly, even better results in comparison to the standard conditions were
achieved. An increase in TON from the initial 7 to 17 was attained, Table 4.2-11 entry 2.
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The fact that pyridine can be used as a ligand supports the hypothesis that the role of the
ligand is not directly connected to the formation of the product, but nitrogen-ligands help
to solubilise the Pd0 species and prevent the formation of palladium black. In the course of
the further tests, it was discovered that pyridine is a ligand suitable only for some selected
substrates. Presumably, this is caused by the formation of palladium-pyridine complexes,
which in some cases are thermodynamically more stable than the palladium-substrate
complexes. Thus, their presence precludes coordination of the substrate to the palladium
catalyst.
Being aware of the solubility issues of Pd0 complexes and questioning whether all
catalytically active species are indeed soluble in toluene, the decision was taken to test other
solvents that may be suitable for this reaction. It was discovered that by replacing toluene
with ethyl acetate one could achieve an increase in TON and lower the catalyst loading to
1 mol% without a significant decrease in the yield, Table 4.2-11 entry 6. Reactions in ethyl
acetate required longer times to completion than the reactions under the same conditions in
toluene (for the same conditions 200 min in EtOAc vs 120 min in toluene).
Finally, the investigation of the effect of the gas phase composition on the TON was
performed. It was questioned whether removal of oxygen from the system could potentially
increase the catalyst stability. Removal of the gas phase oxidant would require an increase
in the concentration of the copper oxidant to the stoichiometric amount, but, at the same
time, would prohibit formation of water, being the by-product of the re-oxidation of copper.
Indeed, TON was significantly higher in this case, and for the optimal set of conditions the
catalyst loading was as low as 0.2 mol%, Table 4.2-11 entry 7.
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Table 4.2-11. Selected results from the process optimisation.
Entry

Process variant

Catalyst loading Additives

Time

Yield

(Pd /Cu) [mol%] [mol%]

[min] product

1

Initial conditions

10 / 10

10 Li-quinoline

360

68%

2

10 bar CO/Air

5/5

5 Li-quinoline

75

84%

3

10 bar CO/N2

5 / 200

5 Li-quinoline

85

86%

4

1-10 bar CO

10 / 200

10 Li-quinoline

-

Trace

5

(2) + pyridine

3/5

10 pyridine

150

85%

6

(3) + pyridine

1 / 200

10 pyridine

200

78%

7

(5)+ EtOAc

0.2 / 200

10 pyridine

300

84%*

of

Reactions were performed using 1.5 equiv. p-BQ and 25 mol% AdCOOH, T=120 ºC. Yield
marked with an asterisk is given for the isolated compound.

4.2.3. Process design
Understanding that the limiting factor precluding intensification of the reaction is the gasliquid mass transfer, the possibility of translating the process into continuous-flow was
studied. Such transition would allow enhancing the mass transfer using, for example, the
gas-liquid slug-flow regime in a capillary flow reactor. This type of flow is easy to
implement as well as scalable by numbering up, and simultaneously, addresses safety
aspects of using high pressures of CO in stirred tank reactors. Operation in flow allows
minimisation of a head-space, and hence lowering the amount of CO present in the reactor.
Continuous flow processes are also, generally, easier to control and more reproducible.71
A significant attention has been paid to development of flow chemistry methods for
challenging chemical transformations and extensive literature reports from this filed are
available.65,67,70,71,219–222
Even though classical carbonylation reactions were previously successfully conducted in
flow, demonstrating a significant added value in terms of safety and efficiency,65,184 to the
best of author’s knowledge, no examples of continuous oxidative carbonylations
employing copper oxidants exist in the literature. This is likely due to the heterogeneity of
the reaction mixture, namely the presence of copper or silver-based oxidants, that are not
soluble in the reaction media, as well as CO in the gas phase. Generally, there are very few
examples of multiphase catalytic flow processes that include co-flow of dispersed solids in
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the gas-liquid bi-phasic main flow.175 The majority of studies were performed with gasliquid or liquid-liquid flows through a stationary solid phase.174 In the present work, the
decision was taken to reduce the number of phases, which would lower the overall
complexity of the scale up of the process.
Reduction in the number of phases could not be achieved by increasing pressure to the point
of full dissolution of the gas phase, due to the narrow range of the tolerated CO
concentrations, nor by implementing membrane systems to continuously deliver gaseous
reactants to the liquid phase, due to the inevitable membrane clogging. Thus, there was no
possibility of removing the gas phase from the reaction. The reduction in the number of
phases must have been done by removing the solid phase, consisting of a significant amount
of CuII salt being virtually insoluble in the suitable for the reaction solvents. Inspired by
Ceylan,223 it was questioned whether it is possible to use heterogeneous precursors of CuII
salts instead of the continuous delivery of solids. Such possibility was firstly probed by
introducing a copper wire into a tubular reactor operating in the gas-liquid slug flow.
The in situ oxidised metallic copper was able to re-oxidise the palladium catalyst, Table
4.2-12 entry 1. However, the system proved to be stable only for short periods of time.
Encouraged by the positive initial results the decision was taken to expand the contact area
between the gas-liquid main stream and the heterogeneous precursor of the copper oxidant.
Using a copper-tube-flow reactor (CTFR) resulted in a significant improvement of the
stability of the system and the increase in the observed reaction rate, Table 4.2-12 entry 2.
To the best of author’s knowledge, this was the first example of using a CTFR as an
“oxidant”. The layer of oxidised Cu was regenerated in situ by oxygen present in the gas
phase and proved to be stable for at least 8 hours on stream. Using the ICP OES analysis,
the amount of copper leaching from the reactor was determined to be in the range of 1200
– 1500 ppm. This amount of copper can be conveniently removed from the reaction mixture
using the protocol developed by Gemoets et al.111 The flow process described in the present
work provides easy access to the in situ generated CuII species widely used as oxidants and
may be significant for the development of other continuous flow oxidative chemical
systems. The removal of the 3rd phase and operation in the so-called “slug flow” regime
increased the mass transfer between the gas and the liquid phases significantly, resulting in
a superior space-time-yield.224

- 149 -

Chapter 4

Results and data analysis

In the continuous flow setup, toluene was used instead of EtOAc to allow operation at short
residence times. Additionally, leaching of Cu was significantly higher when EtOAc was
used.

Table 4.2-12. Development of the flow process for the oxidative carbonylation reaction.
Entry Process variant

Catalyst

loading Time

Yield

of

(Pd / Cu) [mol%]

[min]

product [-]

1

Flow (using copper wire)

10 / -

20

80%

2

Flow (using CTFR)

5/-

5

86%*

Reactions were performed using 1.5 equiv. p-BQ and 25 mol% AdCOOH. T=150 ºC.
Reactions were performed in toluene using 6.25 % v/v CO/air mixture. Yield marked with
an asterisk is given for the isolated compound.

Having designed the flow processes, the decision was taken to test the selected substrate
scope, Figure 4.2-10. The full substrate scope has been described by Willcox and Chappell
et al.203 In the continuous flow setup all substrates worked equally well or better than in the
original report.
The utility of the developed process was further investigated on three reactions
mechanistically different from the initially tested process, Figure 4.2-11. For all tested cases
the process worked very well, despite virtually no optimisation performed. Firstly, the
Orito carbonylation of secondary amines to ureas168 was tested achieving full conversion
and almost quantitative yields within 5 minutes. Furthermore, the oxidative carbonylation
of N-allylamines for the synthesis of β-lactams was performed where, after adjusting the
procedure, comparable to previously reported yields were achieved.169 Used in the original
procedure palladium (II) chloride was replaced with palladium (II) acetate due to solubility
issues. Additionally, DMF was replaced with toluene to reduce leaching of copper salts
from the CTFR.
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Figure 4.2-10. Selected substrate scope. Yields are given for the isolated compounds.
Yields in brackets are from the initial report of Gaunt and co-workers ref. 203.

Finally, the possibility of running the carbonylation of benzoic acids to give dicarboxylic
acids was probed.225 Even though the conditions were significantly different from those
published in the original work, the reaction still performed rather well in the developed
setup.
NMR characterisation of all isolated compounds can be found in Appendix 4.
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Figure 4.2-11 Selected scope of the process. Yields are given for the isolated
compounds. Tests performed under 10 barg of 6.25 % v/v CO balanced by synthetic
air.

NMR characterisation of all isolated compounds can be found in Appendix 4.
Furthermore, the decision was taken to design an intensified batch process for this reaction
and later compare it with the already developed flow process.
Based on the available heuristics, the most suitable conditions to run the process in batch
were selected, Scheme 4.2-2. These conditions were characterised by a very low PdII
catalyst loading, a high yield and a reasonable time to completion. It was questioned
whether this process could be scaled-up without significant modifications of the protocol,
namely without keeping process parameters describing the mass and energy transfer
constant. As expected, doubling the mass of the starting material to approximately 0.5 g,
with the corresponding increase in the solvent volume, resulted in notable changes in the
behaviour of the process. The larger scale reaction resulted in a reduced rate and a lower
yield, Figure 4.2-12. It was hypothesised that the lower reaction rate was due to an
insufficient flux of carbon monoxide to the liquid phase, as the gas-liquid interfacial area
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remained the same, while the reaction volume has doubled, i.e. the rate of mass transfer per
unit of volume of the liquid phase was twice smaller.

Scheme 4.2-2. Reaction conditions for a batch process for carbonylation reaction. Yield is
given for the isolated compound.

Obtaining an estimate of the kLa for the reference conditions, one can use it as a scale-up
criterion due to the fact that preserving the kLa value equal or greater than the reference kLa
should result in providing a sufficient flux of the CO to the system. The kLa value may be
maintained by using similar geometries of the reactors, i.e. constant surface-to-volumeratio, or by providing an additional stream of CO via an injector located at the bottom of
the autoclave. The latter was implemented in the present work.
Being unable to measure the concentration of CO in the liquid phase in situ, it was only
possible to estimate the value of the mass transfer coefficient (kLa) for the investigated
system. Since the stoichiometry of the reaction requires that the consumption of CO is equal
to the rate of the reaction, the rate of the reaction was used to determine the mass transfer
coefficient at different scales. Based on Equation ( 61 ) the values of kLa for experiments
at different scales were calculated.

𝑟𝑎𝑡𝑒 =

𝑑𝐶𝑃
= 𝑘𝐿 𝑎(𝑐𝑔 − 𝑐𝑙 )𝑑𝑡
𝑑𝑡

( 61 )

where cg is the concentration of CO in the gas phase and cl is the concentration of the CO
in the liquid phase.
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Table 4.2-13. Estimation of the mass transfer coefficient.
Scale [ml]

kLa [min-1]

20

0.085

30

0.074

40

0.061

In order to scale the reaction maintaining the flux of the CO to the liquid phase, the kLa
value should be kept equal or greater than 0.085 since the small scale (20 ml) process
operated at the concentration of CO in liquid phase equal or close to saturation, Figure
4.2-12.
For the system with a constant delivery of CO via an injector the mass transfer coefficient
can be expressed in the form of Equation ( 62 ):

𝑟𝑎𝑡𝑒 =

𝑑𝐶𝑃
= (𝑘𝐿 𝑎 + 𝑘𝐿 𝑎𝑖𝑛𝑗𝑒𝑐𝑡𝑜𝑟 )(𝑐𝑔 − 𝑐𝑙 )𝑑𝑡
𝑑𝑡

( 62 )

where kLainjector is the mass transfer coefficient for the gas delivered through the injector.
kLainjector can be estimated using Equation ( 63 ):88

𝑐
𝑘𝐿 𝑎𝑖𝑛𝑗𝑒𝑐𝑡𝑜𝑟 = 0.32(𝜗𝑔𝑎𝑠
)

0.7

(

𝜇𝐻2 𝑂
𝜇𝑠𝑜𝑙𝑣𝑒𝑛𝑡

0.84

)

( 63 )

𝑐
where 𝜗𝑔𝑎𝑠
, m s-1, is the velocity of the gas phase per surface area of the reactor, 𝜇𝐻2 𝑂 and

µsolvent are respectively the dynamic viscosity of the water and the solvent, kg m-1 s-1.
For the investigated process, the flowrate of 7 sccm was sufficient to achieve the reaction
rate comparable with the experiments at the small scale, Figure 4.2-12. However, the yield
was still significantly lower.
While conducting experiments at the larger scale, the formation of a dense polymer-like
by-product was observed. A visual analysis revealed that the by-product entrapped a
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significant amount of copper (II) acetate crystals, and presumably also palladium species.
NMR analysis exposed that it also contained some starting material as well as product.
Aiming to minimise the formation of the polymer-like by-product the decision was taken
to enhance mixing, thus prevent settling of the polymer during the reaction. To ensure that
a sufficient amount of power required for mixing is delivered to the system, maintaining a
constant, or using a greater, energy dissipation rate per volume unit of the liquid phase was
suggested, Equation ( 64 )88

𝑃
= 𝑐𝑜𝑛𝑠𝑡
𝑉𝑙

( 64 )

where P is the power utilised for mixing, and Vl is the volume of the liquid phase.
Power required for mixing is proportional to the agitation rate, N, the diameter of the stirrer,
d, and density of the liquid phase, 𝜌𝑙 , Equation ( 65 ).

𝑃~𝑁 3 𝑑5 𝜌𝑙

( 65 )

The scale-up criterion takes the form of Equation ( 66 ).

𝑁13 𝑑15 𝑁23 𝑑25
≤
𝑉1
𝑉2

( 66 )

where 1 corresponds to the small-scale experiments and 2 to the larger scale one.
On the larger scale, a bigger stirrer bar was used (4 cm diameter) and, based on Equation
( 66 ) the minimum agitation rate to ensure efficient mixing should be equal to 113 rpm. In
the present study the agitation rate of 300 rpm was retained. This resulted in the yield and
the reaction rate comparable to the small-scale experiments, Figure 4.2-12. Notably, the
delivery of CO through the injector also contributes to the increase in the energy dissipation
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rate of the system. Thus the mixing performance should be even better. Additionally, a
possibility of minimising the formation of the polymeric by-product by purification of pbenzoquinone used for the reaction was investigated. Re-crystallisation of the crude pbenzoquinone resulted in a decrease in the formation of the black polymer. However,
without efficient mixing, still a significant amount of the polymer-like by-product at the
bottom of the autoclave was observed.

Figure 4.2-12. Scale-up of the batch process. A represents reactions without an
additional delivery of CO at the bottom of the reactor and using the small stirrer bar, B
reactions with a constant CO delivery and for larger scale also enhanced mixing.

Further increase of the scale was impossible due to limitations of the experimental setup,
as well as safety concerns associated with using significant amounts of CO and working
with larger amounts of solvents at the temperature above their boiling points at atmospheric
pressure. In case of a sudden, unexpected depressurisation of the reactor, a significant
amount of a toxic and flammable mixture of solvent vapours and CO would be released.
Regardless, the designed protocol should be further scalable by maintaining the surface-tovolume ratio equal to or greater than 1.14 cm-1, or the kLa value equal to or greater than
0.085 min-1. Furthermore, it is suggested to keep the energy dissipation rate constant to
ensure efficient mixing.
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4.2.4. Environmental sustainability analysis of the developed
processes
An analysis of environmental impacts of the developed process options was performed
using both simplified metrics and a cradle-to-gate LCA analysis.

4.2.4.1. Simplified metrics
Two simplified metrics were selected to compare the available process options: E-factor
and Process Mass Intensity (PMI). Notably, these environmental criteria do not assess the
variations in the up-stream operations but compare only the process itself. For all
calculations, it was assumed that purification via a flash column chromatography requires
10 kg of solvent per 1 kg of product.
E-factor was defined in Chapter 2.4, Equation ( 47 ). PMI (kg kg-1) is defined as the
cumulative mass of raw materials required to produce 1 kg of product, Equation ( 67 ).

𝑃𝑀𝐼 =

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

( 67 )

Table 4.2-14. Comparable sustainability analysis of the available process options using
simplified metrics.
E-factor [kg kg-1]

Process Mass Intensity [kg kg-1]

Original work

13.075

13.92

Flow

12.91

13.89

Batch

18.15

18.46

The analysis via the simplified metrics revealed that the flow process is consistently
environmentally superior. When considering E-factor and PMI, the batch process proved
to generate the most of environmental burden.
The larger value of E-factor for the batch process is caused by the use of a large amount of
copper (II) acetate (this process option required the stoichiometric use of a copper salt).
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The difference between the flow process and the process published by Willcox and
Chappell is the consequence of the lower catalyst loading and the slightly greater yield. The
same reasoning applies to the PMI analysis.
While simplified metrics are commonly used to compare process options in both industry
and academia, they do not account for any up-stream operations nor reveal which part of
the process generates the most of environmental burden. Such understanding requires a
broader system approach that can be developed via, for example, LCA studies.

4.2.4.2. LCI assessment
Functional unit. The functional unit to which the Life Cycle Impact (LCI) analyses were
referred to was 1 kg of product, namely 1 kg of 1-cyclohexyl-4-methylazetidin-2-one.
Data sources. As a primary source of data used for the impact assessment, the LCI database
Ecoinvent v3.2. was used.226 For molecules not present in the database, the suitable models
were built. The synthesis routes were chosen based on data available from manufacturers,
encyclopaedias227,228 or web-based syntheses planners. Description of all developed models
can be found in Appendix 5. The LCI analysis and the impact assessment were conducted
using Umberto® 5.6.229 The examination was performed using the cradle-to-gate boundary.
The LCI assessment was performed following the LCA methodology ReCiPe 2008.196 The
impact potentials included in the ReCiPe 2008, Table 4.2-15, were addressed at the
midpoint level.

- 158 -

Chapter 4

Results and data analysis

Table 4.2-15. Impact potentials used in the LCI assessment.
Abbreviation

Impact category

Unit

GWP

Climate change

FDP
HTP

Fossil fuels depletion potential
Human toxicity potential

MEP
MDP
NLTP

Marine eutrophication potential
Metal depletion potential
Natural land transformation
potential
Ozone depletion potential
Photochemical oxidant
formation potential
Terrestrial acidification
potential
Terrestrial ecotoxicity potential

kg of CO2 – equivalents (eq.) per
functional unit (FU)
kg of oil per FU
kg of 1,4-dichlorobenzene (1,4DCB) – eq. per FU
kg of nitrogen – eq. per FU
kg of Fe – eq. per FU
m2 per FU

ODP
POFP
TAP
TETP

kg of chlorofluorocarbon-11 per FU
kg of non-methane volatile organic
compounds (MNVOC) – eq. per FU
kg of SO2 – eq. per FU
kg of 1,4-DCB – eq. per FU

System boundary overview. The cradle-to-gate system boundaries were applied. Thus,
the analysis ended with the purification step of the carbonylation process. For the molecules
not present in the Ecoinvent database the analysis was expanded by the suitable syntheses
that could be described using molecules that are present in the above-mentioned database.
Recycling of all solvents via distillation was included.
Impact assessment. The process variant generating the most burden to the environment
was, according to the performed LCI assessment, the originally reported technology. This
is contrary to the assessment using the simplified metrics. While comparing the batch and
the flow processes, for the impact categories besides terrestrial ecotoxicity potential and
human toxicity potential, the batch process proved to be environmentally superior. For the
last two categories, the impacts were comparable, Figure 4.2-13. Generally, the flow
process was characterised by twice smaller impacts than the original process for all
indicated in the ReCiPe 2008 midpoint categories. The impacts of the batch process varied
between 20% and 50% of the impacts of the reference technology, Figure 4.2-13.
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Figure 4.2-13. Comparison of impacts for the developed process options. Results were
normalised against the original work.

Plotting contributions of all reactants to different impacts as well as of the process itself, as
gate-to-gate inventory, allowed to observe that, for most of the impact categories, palladium
acetate contributed by far the largest impact, typically in the range of 70-95% of the
cumulative impact, Table 4.2-16 and Figure 4.2-14. Only when the batch technology was
investigated, owing to the very low palladium use, the situation differed, Table 4.2-16 and
Figure 4.2-14. For some of the impact categories of the batch technology, palladium acetate
accounted for approximately 50% of the cumulative impact; however, for the impacts of
metal depletion potential, ozone depletion potential, photochemical oxidant formation
potential and terrestrial acidification potential, palladium acetate still generated more than
90% of the cumulative impact. In the batch technology, the other significant sources of the
environmental burden were copper acetate, AdCOOH and the process itself due to
operation at high temperature and pressure as well as long time to achieve high conversion.
When analysing the impacts of the production of palladium acetate, it was observed that all
of the impact categories were dominated by production of palladium; more than 95% of the
accumulated impact for all the investigated categories.
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Table 4.2-16. Distribution of impacts between reactants.
GWP FDP

HTP

Pd(OAc)2
SM
CO
AdCOOH
Cu(OAc)2
BQ
Li*
Process**

0.69
0.01
0.00
0.04
0.00
0.01
0.09
0.16

0.68
0.01
0.01
0.05
0.00
0.01
0.09
0.15

0.94
0.01
0.00
0.01
0.01
0.00
0.01
0.01

Pd(OAc)2
SM
CO
AdCOOH
BQ
Pyridine
Process**

0.66
0.02
0.01
0.08
0.01
0.00
0.22

0.63
0.02
0.02
0.09
0.02
0.00
0.22

0.94
0.01
0.00
0.03
0.00
0.00
0.02

Pd(OAc)2
SM
CO
AdCOOH
Cu(OAc)2
BQ
Pyridine
Process**

0.41
0.03
0.01
0.12
0.04
0.02
0.00
0.37

0.38
0.03
0.02
0.14
0.05
0.03
0.00
0.34

0.41
0.02
0.00
0.03
0.52
0.00
0.00
0.02

MEP MDP NLTP
Original work
0.97 1.00
0.86
0.00 0.00
0.01
0.00 0.00
0.00
0.01 0.00
0.08
0.01 0.00
0.00
0.00 0.00
0.01
0.00 0.00
0.02
0.00 0.00
0.02
Flow
0.97 1.00
0.79
0.00 0.00
0.02
0.00 0.00
0.00
0.01 0.00
0.15
0.01 0.00
0.01
0.00 0.00
0.00
0.01 0.00
0.03
Batch
0.53 0.92
0.50
0.00 0.00
0.03
0.00 0.00
0.00
0.02 0.00
0.24
0.43 0.08
0.15
0.01 0.00
0.02
0.00 0.00
0.00
0.01 0.00
0.05

ODP

POFP

TAP

TETP

0.97
0.00
0.00
0.01
0.00
0.00
0.01
0.01

0.94
0.01
0.00
0.01
0.00
0.00
0.01
0.02

0.95
0.00
0.00
0.00
0.00
0.00
0.04
0.00

0.70
0.04
0.00
0.03
0.01
0.03
0.08
0.11

0.96
0.00
0.00
0.02
0.00
0.00
0.01

0.92
0.01
0.00
0.03
0.00
0.00
0.03

0.99
0.00
0.00
0.00
0.00
0.00
0.01

0.65
0.08
0.00
0.06
0.06
0.00
0.15

0.82
0.01
0.01
0.04
0.09
0.00
0.00
0.03

0.80
0.03
0.00
0.06
0.04
0.01
0.00
0.07

0.96
0.01
0.00
0.01
0.02
0.00
0.00
0.01

0.27
0.08
0.00
0.06
0.34
0.06
0.00
0.17

*Li denotes Li-quinoline. **Process denotes the impact form the gate-to-gate inventory.

The overwhelming effect of palladium acetate on all of the investigated impact categories
illustrates why industry tends to “loan” precious metals from catalyst producers. Namely,
the spent catalyst is collected and sent back to the manufacturer to have it recycled and is
being purchased again at a lower cost. Operation in this manner is presumably not only
environmentally superior, but also the economy of “loaning” of precious metals should be
favourable.
The decision was taken to extend the LCI assessments by adding a metal recovery process
to more accurately illustrate the possible environmental impact of the investigated process
options.
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Figure 4.2-14.Distribution of impacts between reactants.
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The literature search for a suitable process for recycling of heavy metals revealed that the
most commonly used method is electrolysis. Such approach allows, in this specific case, to
recover not only palladium species, but also copper.230 Recycling of metals was included
in the process models, and the LCI analysis was repeated. Notably, the yield of the metal
recovery was lower than 100%. Thus, both palladium (II) acetate and copper (II) acetate
from the primary raw materials were still present in the analysis, albeit in smaller quantities.
When the metal recovery was included in the LCI assessment, the overall result did not
change significantly. The batch technology still proved to be environmentally superior in
most of the impact categories; only in the cases of natural land transformation potential and
terrestrial ecotoxicity potential, the flow process scored lower. However, when accounting
for the metal recovery, the results for a significant number of impact categories for the
batch and the flow process were virtually identical (terrestrial ecotoxicity potential, climate
change potential, fossil depletion potential, human toxicity potential, marine toxicity
potential and natural land transformation potential), Figure 4.2-15. When metal depletion
potential was considered, the batch process was still by far the most environmentally
superior; this was caused by losses during the metal recovery process, Figure 4.2-15.
The originally reported process proved to generate the most of environmental burden. It
was characterised by twice larger scores for most of the impact categories (terrestrial
ecotoxicity potential, climate change potential, fossil depletion potential, human toxicity
potential, marine ecotoxicity potential and photochemical oxidant formation potential). The
score for the rest of categories was also significantly larger (between 25% and 90%
depending on the reference technology), Figure 4.2-15.
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Figure 4.2-15. Comparison of impacts for the developed process options, accounting
for metal recovery. Results were normalised against the original work.

When individual contributions were investigated, it was observed, that palladium acetate
was still responsible for a significant percentage of the cumulative result, especially for the
metal depletion potential impact category. Furthermore, for all process options, production
of 1-adamantane carboxylic acid, as well as the process itself, contributed significantly to
the aggregated impact. The contribution of the process was especially significant for the
global warming potential, fossil resources depletion potential and terrestrial ecotoxicity
potential, Table 4.2-17 and Figure 4.2-16. This was due to a large amount of energy
required for the production of solvents used for purification and the reaction itself.
The aggregated impacts of the batch technology were also largely influenced by production
of copper acetate, especially human toxicity potential, marine ecotoxicity potential and
natural land transformation potential. Surprisingly, production of copper acetate did not
affect the impact category ‘metal depletion potential’ significantly. It can be justified by
the efficient recovery of copper as well as its relative abundance, Table 4.2-17 and Figure
4.2-16.
Additionally, in case of the originally reported technology, the ligand, Li-quinoline, was
responsible for a significant contribution to the aggregated impacts in most of the
categories; for some of them, Li-quinoline was the largest contributor, namely for
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photochemical oxidant formation potential, terrestrial acidification potential and terrestrial
ecotoxicity potential. The change of the ligand to pyridine in the batch and the flow
processes drastically reduced the environmental burden, Table 4.2-17 and Figure 4.2-16.

Table 4.2-17. Distribution of impacts between reactants including metal recovery.
GWP FDP

HTP

Pd(OAc)2
SM
CO
AdCOOH
Cu(OAc)2
BQ
Li*
Process**

0.10
0.03
0.01
0.11
0.00
0.02
0.32
0.42

0.10
0.03
0.02
0.13
0.00
0.02
0.30
0.39

0.50
0.07
0.01
0.15
0.01
0.02
0.12
0.13

Pd(OAc)2
SM
CO
AdCOOH
BQ
Pyridine
Process**

0.10
0.05
0.02
0.20
0.04
0.00
0.60

0.09
0.06
0.04
0.23
0.05
0.00
0.53

0.42
0.12
0.01
0.24
0.04
0.00
0.17

Pd(OAc)2
SM
CO
AdCOOH
Cu(OAc)2
BQ
Pyridine
Process**

0.04
0.05
0.02
0.20
0.02
0.04
0.00
0.64

0.04
0.06
0.04
0.22
0.03
0.05
0.00
0.56

0.17
0.13
0.01
0.23
0.24
0.04
0.00
0.18

MEP MDP NLTP
Original work
0.69 0.98
0.28
0.02 0.00
0.05
0.00 0.00
0.00
0.10 0.01
0.39
0.01 0.00
0.00
0.01 0.00
0.03
0.09 0.00
0.10
0.07 0.00
0.12
Flow
0.63 0.96
0.20
0.04 0.01
0.07
0.01 0.00
0.00
0.19 0.02
0.55
0.02 0.00
0.05
0.00 0.00
0.00
0.11 0.00
0.13
Batch
0.30 0.85
0.08
0.05 0.01
0.07
0.01 0.00
0.00
0.22 0.05
0.53
0.26 0.08
0.13
0.02 0.01
0.05
0.00 0.00
0.00
0.13 0.01
0.13

ODP

POFP

TAP

TETP

0.62
0.01
0.02
0.12
0.00
0.01
0.10
0.11

0.47
0.06
0.01
0.12
0.00
0.02
0.50
0.19

0.50
0.01
0.00
0.02
0.00
0.00
0.69
0.04

0.13
0.12
0.01
0.10
0.00
0.01
0.98
0.32

0.55
0.03
0.04
0.21
0.02
0.00
0.15

0.41
0.10
0.01
0.21
0.03
0.00
0.25

0.81
0.04
0.00
0.05
0.01
0.00
0.09

0.11
0.23
0.01
0.18
0.02
0.00
0.45

0.30
0.04
0.05
0.28
0.08
0.03
0.00
0.22

0.21
0.12
0.01
0.26
0.03
0.04
0.00
0.33

0.62
0.07
0.01
0.10
0.02
0.01
0.00
0.18

0.04
0.22
0.01
0.15
0.09
0.02
0.00
0.46

*Li denotes Li-quinoline. **Process denotes the impact form the gate-to-gate inventory.
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Figure 4.2-16. Distribution of impacts between reactants including metal recovery.
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Owing to the fact that the developed the LCI models were based on several assumptions,
the decision was taken to perform a sensitivity analysis to evaluate the impact of the
assumptions on the final result. All assumptions are described in Appendix 5.
Since it is uncommon to report energy requirements of either patented or published
procedures, the vast majority of assumptions concerned the energy consumption. The mass
balances were described reasonably well in the chosen procedures. Having this in mind, it
was decided to investigate the influence of the variations in the energy consumption of
significant contributors to the aggregated impacts (values in bold in Table 4.2-17).
Discrepancies of up to 25% of the final value were computed, Figure 4.2-17.
It is clear that varying the energy consumption by up to 25% does not change the final result
significantly. The batch process still proved to be slightly more environmentally benign
than the flow process. The originally reported technology, according to the performed LCI
analysis, scored the worst.
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Figure 4.2-17. Sensitivity analysis of the developed LCI assessment.
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4.2.5. Discussion
In the course of the project a partial deconvolution of the observed behaviour of the
oxidative carbonylation of secondary amines to give β–lactams was performed. The
identified trends, limitations as well as orders of influence on the observed reaction rate
were used in setting up a simplified model that represented the behaviour of the process
within the tested range of conditions with a rather high accuracy.

Figure 4.2-18 β-C–H oxidative carbonylation of aliphatic amines to β-lactams. Yields
are given for the isolated compounds.

Furthermore, the performed process optimisation allowed selection of suitable solvents, gas
phase composition, ligands, temperature, pressure and concentration of reactants yielding
in much higher productivity than the conditions described in the initial report.203
Additionally, the much greater reproducibility and simplicity of operation were achieved.
The optimisation efforts resulted in two sets of conditions, one suitable for a continuous
flow setup and the second one being a batch process, see Figure 4.2-18.
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The realisation of the continuous flow process was possible owing to the discovery of a
suitable heterogeneous precursor of copper (II) oxidant. This is, to the best of author’s
knowledge, the first implementation of an oxidative carbonylation in a flow process and
the first use of CTFR as a precursor of an oxidant. The catalyst loading was reduced, and
no dosing of CuII salts was required to complete the reaction. Additionally, the residence
times in the flow reactor were significantly shorter in comparison to the reaction times
reported by Willcox and Chappell et al.203 Similarly, the isolated yields were slightly higher
than in the original report. For some substrates, Li-quinoline was successfully replaced with
pyridine, lowering the cost of the process significantly.
For most of the tested substrates the applied conditions resulted in full consumption of the
starting material, for the rest it was possible to recover and recycle the residual starting
material. The inevitable ullage of the material is presumably due to thermal decomposition
of starting material and losses during purification.
To prove the versatility of the developed procedure, three mechanistically different from
the original reaction chemistries were tested. All resulted in highly efficient and easy in
operation processes despite virtually no optimisation performed. Thus, it can be believed
that the generic process for palladium/copper-catalyzed oxidative carbonylations was
developed. One limitation of the protocol is exclusive use of solvents characterised by poor
solubility of copper salts. This is to minimise leaching of the oxidant from the reactor. An
additional benefit of the developed flow process is easy access to elevated pressures and
high temperatures. This may potentially facilitate discovery of new reactivities owing to a
prudent access to the conditions that are inaccessible in a standard laboratory glassware.
From the safety point of view, operation in a strictly confined space, with virtually no
headspace, raises fewer concerns than using balloons to deliver toxic gasses. The precisely
controlled delivery of carbon monoxide can ensure that most of it is consumed in the course
of the reaction and, additionally, gas phase quenches can lower the concentration of this
dangerous reactant to safe levels.
The developed simple, cheap and scalable, both up and down, reactor system can give easy
access to libraries of compounds with a carbonyl group added via carbonylation reactions.
This may be an important invention for pharmaceutical, agrochemical and other fine
chemical industries, where carbonyl groups, in the form of for example β–lactams, are
prevalent.
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The second variant of the process, i.e. the batch system, owing to the performed process
optimisation, allowed further reduction of the catalyst loading down to 0.2 mol%. However,
this was only possible at the cost of using a large amount of CuII salt. The simplicity of
operation and suitability to most of the commercially available reaction vessels designed
to work under an elevated pressure are additional advantages of the designed protocol.
Despite using remarkably low catalyst loadings, the reaction time was still shorter than the
reaction time reported in the original studies; the yield remained at the same level.
To assess which design is more environmentally friendly, an analysis using simplified
metrics, as well as an LCI assessment was performed. The values of the simplified metrics
concluded that the flow process is environmentally superior and the batch technology
generates the most of environmental burden. On the other hand, the LCI assessment
revealed that the batch and the flow technology generate virtually identical environmental
burden; the batch process performed marginally better for most of the considered impact
categories. The LCI assessment clearly identified the original process as the least
favourable form the environmental sustainability point of view.
The comparison of the simplified metrics and the LCA studies demonstrated that the broad
system approach is necessary to assess the environmental aspects of developed
technologies fully. Considering only the process itself without accounting for the upstream
operations, one can draw unjustified conclusions.
It is worth mentioning that LCI analyses are best suited for large-scale industrial processes
and for cases where a detailed description of mass and energy balances are available. In
similar to the described in the thesis cases, prevalent assumptions can lead to unjustified
conclusions.
Since both of the developed process options generate a comparable environmental burden,
the decision which technology should be used can be based on the practicality of the
developed process options. When generating small quantities in the range of milligrams or
grams, the safe, robust and flexible flow process can be of great use. For larger scales, the
batch protocol may be easier to implement. The commonly used equipment available in
most of production facilities and research institutions is designed for operation under
similar conditions, and, upon further scale-up, this could potentially become a viable
process.
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The role of ligands in the reaction remains unknown. However, owing to the pseudo zero
order influence of ligands on the observed reaction rate a hypothesis can be drawn that they
either take part in the reaction after the turnover-limiting step or does not play a direct role
at all. In the second case, the increase of the maximum TON caused by the presence of
amine-derived ligands may be explained by their high affinity to palladium, preventing it
from forming insoluble particles that, upon aggregation, form “palladium black”. Reported
by Willcox and Chappell et al. successful usage of quinuclidine as a ligand,203 may
advocate the latter, suggesting that the main criterion in the choice of a ligand for similar
processes should be it’s high affinity to palladium. However, the affinity cannot be much
greater than it is of used starting materials. This would result in formation of stable bisamine-palladium complexes with ligands prohibiting binding of palladium to molecules of
starting material, thus, precluding C–H activation events. Such behaviour was observed by
Erdmann et al.,172 where multiple pyridine derived ligands were tested in the oxidative
coupling of o-xylene giving similar results. However, raising the concentration of the
ligand to 2 equivalents with respect to palladium resulted in lack of reactivity in most of
the presented cases. Hence, this observation may be applicable to a range of palladiumcatalysed C–H activation reactions, where ligands are not directly involved in the catalytic
cycle.
The conducted studies revealed that one of the main obstacles in the development of the
palladium-catalyzed C–H oxidative carbonylations is a narrow range of tolerated CO
concentrations. Access to elevated pressures, solvent selection and use of bespoke mixtures
of gaseous phase can aid screening for accepted ranges of CO concentration and possibly
can enable discovery of new reactions. The developed continuous flow protocol can further
accelerate this process. Coupling it with an in-line analysis via, for example, IR
spectroscopy or GC, GC/MS analysis and a semi-automated system can lead to rapid
process optimisation of novel reactivities.
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Chapter 5. Conclusions
Current synthetic paths of complex fine chemical products are often long and include steps
that do not generate any added value to the molecule; for example, introductions of
protecting groups. These syntheses would benefit greatly in terms of economy and
environmental sustainability from efficient ways allowing a reduction in the number of
synthetic steps leading towards desired molecules. Recent advancements in the field of C–
H activation can prove to be of great use in these efforts. However, despite their synthetic
utility, the uptake of C–H activation reactions in either industrial processes or even total
syntheses reported by academia is low. This may be due to the inherent difficulty of C–H
activation reactions and poor mechanistic and kinetic understanding of such processes.
Furthermore, when classical laboratory techniques are used, the range of available process
conditions is rather limited. Thus, possibilities of intensification of C–H activation
processes are severely handicapped. Therefore, the hierarchical approach can potentially
be advantageous in optimisation and intensification of these processes.
This thesis has set out to develop mechanistic as well as kinetic understanding of selected
C–H activation reactions and design intensified processes for them. Furthermore, the
research aimed to identify inherent problems of this types of reactions and suggest
possibilities to address them. The decision was taken to investigate processes involving
secondary aliphatic amines owing to the fact that they are prevalent in active ingredients
of, among others, pharmaceutical and agrochemical products. Moreover, C–H activation of
aliphatic compounds is significantly more challenging comparing to C–H activation of
aromatic substrates. It is due to the higher stability of aliphatic carbon-hydrogen bonds.
In Chapter 4.1, a C(sp3)–H activation reaction of secondary amines giving easy access to
aziridines was investigated. The ab initio mechanistic model was developed and, based on
the mechanistic understanding, a suitable method of intensification of the reaction was
found. It allowed overcoming one of the prevalent causes of the inherent inefficiency of C–
H activation processes of secondary aliphatic amines - formation of bis-amine-complexes.
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Following the intensification of the process, a search for optimal conditions was performed
using a multi-objective optimisation technique. The optimisation yielded a set of conditions
characterised by a low catalyst loading and a short time-to-completion. The selected
conditions were suitable for a continuous flow process employing a commercially available
tubular reactor. The process was characterised by a very small space-time-yield.
Additionally, a suitable in-line purification method was developed. The decision was taken
to harvest the possibilities of scavenging columns. The applied two-column system was
designed to separate the catalyst (first column) and the product (second column) from the
spent reaction mixture. The designed purification technique resulted in a high purity level
of the product and high efficiency of separation of both the catalyst and the product. The
developed process, as well as the purification system, should be applicable to similar
reactions.
Furthermore, the utility of the process was extended by coupling the investigated C–H
activation reaction with a subsequent reaction, a nucleophilic ring opening. Using a solidsupported product allowed significantly easier and, in case of using hazardous reagents
such as hydrazoic acid as nucleophiles, also much safer operation. The total number of
purification steps was reduced. Thus, the whole process is presumably more sustainable.
The developed flow process is, to the best of author’s knowledge, the first example of a
C(sp3)–H activation reaction performed in a continuous-flow system.
Finally, a black-box optimisation of the investigated reaction was performed. Employed
semi-automated reactor system allowed a rapid optimisation effort. Using a very small
number of experiments and virtually no labour, the implemented algorithm was able to
identify a set of conditions comparable with the one established in the course of the classical
kinetic studies.
In Chapter 4.2, a β-C–H oxidative carbonylation of aliphatic amines was investigated. The
process gives convenient access to the β-lactam scaffold prevalent in active pharmaceutical
ingredients. In the course of the project, a partial kinetic and mechanistic understanding
was developed. It revealed that the reaction, even at optimal conditions, is starved of carbon
monoxide. This is presumably the main reason for severe inefficiencies of oxidative
carbonylation reactions.
Process optimisation and intensification were followed by feasibility studies of a
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continuous process design. The 3-phasic system (solid-liquid-gas) was not suitable for a
scalable continuous process. Thus, the decision was taken to reduce the number of phases.
The identified opportunity of using a heterogeneous precursor of a copper-based oxidant
allowed convenient operation in the gas-liquid slug flow regime. This was, to the best of
author’s knowledge, the first implementation of a copper-tube-flow reactor as a
heterogeneous precursor of Cu2+ oxidant. The in-situ generated layer of Cu2+ proved to be
stable for at least 8 hours on-stream. Besides its superior safety, shorter times-tocompletion and scalability of the process, when compared with the originally reported
procedure, the flow process gave higher yields for all tested substrates. Furthermore, the
setup was tested on additional three mechanistically different reactions. All resulted in
analogous or better yields compared with the original reports despite virtually no
optimisation performed.
Following the design of the flow process, a suitable batch process was designed based on
the available heuristics. Optimal conditions were characterised by a very low catalyst
loading (0.2 mol%). However, they required a stoichiometric amount of copper (II) acetate.
The yield of the batch process was slightly lower than the yield of the flow process.
To identify which designed process option is superior in terms of environmental
sustainability, an assessment using simplified metrics as well as an LCI analysis was
performed. The simplified metrics identified the flow technology as environmentally
superior and the batch process as the one generating the most of environmental burden; the
original technology scored slightly worse than the flow process. Contrary to the simplified
metrics, the LCI analysis clearly showed that the original technology is the least
sustainable. From the developed process options the batch technology was characterised by
lower impact values. When the model was extended by a metal recovery, the LCI
assessment still identified the original technology as the unfavourable choice in terms of
environmental sustainability, however, now the flow and the batch process scored very
similarly.
The sustainability assessment undoubtedly presented that the broad, system approach is
required to assess the environmental sustainability of the available process options. The
analysis using only simplified metrics can lead towards unjustified conclusions.
In summary, the research performed for the thesis resulted in a portfolio of intensified
processes for novel C–H activation reactions. The reactors as well as the purification
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system can be easily applied to processes characterised by similar conditions and therefore,
can accelerate intensification of existing processes or even aid discovery of new
reactivities. Furthermore, the developed semi-automated black-box optimisation setup can
be used in a rapid search for suitable conditions.
Based on the developed process knowledge, some obstacles to intensification as well as the
discovery of new C–H activation reactions were identified, and appropriate solutions were
suggested. Owing to the limited number of tested processes, it is difficult to assess whether
these solutions are generic. Nevertheless, they may prove to be particularly useful in the
design of processes for C–H activation-type reactions of secondary amines.
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Chapter 6. Future work
The present work suggested scalable, intensified processes for two types of C–H activation
reactions. Both of them, i.e., the homogeneous C–H activation process, and the oxidative
carbonylation process, should be further tested on other, ideally mechanistically different
C–H activation reactions. This would reveal whether the developed processes are generic
and applicable to a wide range of reactions. Should reactions, that are not suitable for the
developed reactor systems, be discovered, either modifications to the existing technologies
could be implemented, or new reactor systems might be suggested.
The developed continuous C–H oxidative carbonylation process is currently suitable only
for processes where palladium catalyst is being re-oxidised by copper salts. The
modification of the process allowing the use of other commonly used oxidants such as, for
example, silver salts could prove to be valuable. This might be achieved either, as in the
thesis, by using heterogeneous precursors or, presumably, pack-bed reactors would be
better suited for this application.
To the best of author’s knowledge, there are no examples of C–H electrochemical or
photochemical processes performed in continuous flow reactors. Development of
intensified processes could potentially accelerate discovery and optimisation of C–H
activation processes employing light and electricity to excite molecules. Such effort could
be potentially achieved by utilisation of currently available commercial continuous-flow
photochemical and electrochemical reactors.
Together with the development of novel continuous reactor systems, it could be valuable
to implement high-throughput technologies for discovery of new C–H activation reactions.
The capricious nature of such reactivities, combined with a plethora of accessible ligands,
precatalyst, etc. makes it virtually impossible to test all of the available reaction conditions
in a classical manner. Usage of automated systems, ideally having access to a broad range
of operational conditions, such as high temperature or elevated pressure, could potentially
lead to discovery of new C–H activation reactions. Perhaps it would be possible to
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implement artificial intelligence in a choice of conditions tested using HTE. This could
potentially increase the success rate of this technique and contribute to a faster exploration
of the chemical space.
Furthermore, it would be useful to consider the development of an automated system
designed for partial deconvolution of the observed behaviour using, for example, the
Kinetic Motif Analysis. Automated kinetic and mechanistic studies would greatly
accelerate optimisation of new processes. Furthermore, a methodology of autonomous
development of detailed mechanistic models might be built. Artificial intelligence could
potentially devise possible mechanistic scaffolds for a specific transformation that might
be further tested in an autonomous reactor system. The process would be repeated
iteratively until a satisfactory mechanistic model is built. This could not only aid
optimisation efforts but also contribute to a much faster generation of chemical knowledge.
Besides development and utilisation of novel reactor systems, still much work needs to be
done to develop a better mechanistic and kinetic understanding of C–H activation reactions.
A broad mechanistic understanding could potentially allow formulation of generic
principles of design of scalable, intensified processes for this family of reactions. This, in
turn, might increase the industrial applicability of C–H activation-type reactions.
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Chapter 8. Appendices

8.1. Appendix 1

Figure 8.1-1. Energy profile of cyclopalladation proceeding through a CMD mechanism.
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Cartesian coordinates and uncorrected electronic energies of the computed structures:
Complex B
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O

5.098849000

0.413435000

-1.747860000

H

4.693776000

-0.197272000

2.417046000

E = -1623.28184932
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Pd
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-0.103916000

O

-3.175424000

-0.646376000

-0.292924000

C

-3.714058000

-3.003430000

-0.148792000

C

-0.738409000

2.987383000

0.052745000

C

-1.381043000

4.351908000

-0.129933000

H

-0.653882000

5.137606000

0.077049000

H

-2.225411000

4.446470000

0.560449000

H

-1.776266000

4.453381000

-1.143635000

H

-3.712930000

-3.422439000

-1.161017000

H

-4.727601000

-2.677455000

0.090237000

H

-3.385248000

-3.782631000

0.541877000

E =- 1104.113974

Pd(OAc)2
Pd

-0.981768000

-0.352906000

-0.220098000

H

0.402150000

-2.329058000

0.792989000

O

-2.820678000

-1.110678000

0.315085000

O

2.309249000

0.117720000

1.651569000

C
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H
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H
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0.529024000

E = -584.94154633

TS C
Pd
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O
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C
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H
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H
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H
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H
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C
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C
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C
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C
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H
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E =-1104.1139736
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-0.970296000
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H

-0.898846000

0.483002000

1.748981000

C

-2.815278000

1.979647000

0.771840000

C

-0.467076000

2.741611000

0.256534000
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H
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Amine
H
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-0.120523000
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C
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C
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H
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H
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1.987849000

H
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H
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-0.127855000

H
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H
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H
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H
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H
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H
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H
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CH3COOH
C

-0.092065000
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-1.045291000

0.000027000

H

-1.721156000

-0.800775000

-0.000033000

C
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H
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H
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Amine * CH3COOH
H

-1.240100000

-2.819418000

-1.175790000

O

-2.731261000

0.501973000

-0.749442000

C

-0.632805000

1.466807000

0.081284000

C

-1.661071000

1.415244000

-1.045354000

C

-2.445845000

-0.676432000

-0.143531000

C

-0.968714000

-1.058773000

0.090144000

N

-0.035562000

0.111087000

0.146220000

H

0.539978000

0.043186000

0.987418000

C

-1.290450000

1.885305000

1.412816000

C

0.475783000

2.465450000

-0.285178000

H

-1.177636000

1.119841000

-1.984378000

H

-2.141127000

2.385608000

-1.189528000

O

-3.350543000

-1.425108000

0.139419000

C

-0.870205000

-1.867325000

1.393381000

C

-0.576566000

-1.953187000

-1.112212000

H

-0.538093000

1.912041000

2.207638000

H

-2.084425000

1.199489000

1.719094000

H

-1.730549000

2.884879000

1.332999000

H

1.273711000

2.431364000

0.462572000

H

0.083458000

3.486774000

-0.316097000

H

0.916676000

2.229878000

-1.258084000

H

-1.517426000

-2.743854000

1.349393000

H

-1.173007000

-1.264369000

2.254646000

H

0.164380000

-2.191518000

1.545416000

H

0.453534000

-2.299840000

-0.992090000

H

-0.636587000

-1.398886000

-2.053848000

H

1.481681000

-0.105337000

-0.731385000

O

2.437099000

-0.254351000

-1.020750000

C

3.208786000

-0.239927000

0.071794000

O

2.778647000

-0.066702000

1.202973000

C

4.667192000

-0.461115000

-0.251097000

H

5.015776000

0.311534000

-0.942767000

H

5.256621000

-0.436918000

0.664641000
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-1.424836000

-0.753273000

E = -748.261587903

TS E
Pd

0.404703000

-0.081556000

-0.558819000

O

1.842540000

1.211956000

-2.774484000

O

2.235083000

0.813854000

-0.587806000

H

-1.045228000

2.385549000

0.145977000

O

1.326511000

-1.917353000

-0.867292000

O

-3.400080000

0.621665000

1.213222000

C

-2.337387000

-1.448664000

0.413361000

C

-2.546067000

-0.482309000

1.574672000

C

-3.253942000

1.205049000

0.006455000

C

-2.107906000

0.751428000

-0.915830000

N

-1.621714000

-0.675527000

-0.660125000

H

-1.695327000

-1.206924000

-1.528838000

C

-3.678677000

-1.968277000

-0.137045000

C

-1.470420000

-2.622065000

0.877341000

H

-1.589445000

-0.093435000

1.938071000

H

-3.054550000

-0.980953000

2.401523000

O

-3.981525000

2.120484000

-0.301565000

C

-2.539067000

0.890815000

-2.376539000

C

-0.849135000

1.615875000

-0.604644000

H

-3.503330000

-2.666800000

-0.962373000

H

-4.331909000

-1.170460000

-0.500271000

H

-4.222402000

-2.506719000

0.645052000

H

-1.220121000

-3.274140000

0.035593000

H

-2.020755000

-3.219089000

1.611381000

H

-0.537988000

-2.281143000

1.332414000

H

-2.821510000

1.924640000

-2.579565000

H

-3.399014000

0.251518000

-2.602457000

H

-1.708294000

0.620557000

-3.035840000

H

-0.447908000

2.110623000

-1.490361000

H

0.059713000

1.198493000

0.608780000
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C

1.980162000

-2.372338000

0.137045000

O

2.028674000

-1.845777000

1.276683000

C

2.760850000

-3.648185000

-0.108831000

C

2.567330000

1.250225000

-1.778480000

C

3.982636000

1.805762000

-1.835628000

H

4.135378000

2.349866000

-2.769199000

H

4.698392000

0.977693000

-1.785475000

H

4.181764000

2.461325000

-0.983286000

H

2.279804000

-4.267518000

-0.868629000

H

2.882941000

-4.208193000

0.820330000

H

3.757439000

-3.377286000

-0.476624000

H

1.914015000

-0.450883000

1.822221000

O

2.113287000

0.312204000

2.500740000

C

1.383249000

1.373278000

2.564564000

O

0.373839000

1.637538000

1.864063000

C

1.823580000

2.375532000

3.595092000

H

2.372189000

1.892357000

4.404562000

H

2.491437000

3.094309000

3.105489000

H

0.962480000

2.923540000

3.980409000

E = -1333.16923289
In Hartrees; calculated at ωB97xD/cc-PVTZ (SDD on Pd) + SMD solvation (solvent =
toluene)
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8.2. Appendix 2
Fit between experimental data and the developed model for the aziridination reaction.
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8.3. Appendix 3
Characterisation data for compounds isolated for the aziridination project.

3,3,5,5-Tetramethylmorpholin-2-one; CDCl3, 400MHz (1H) 100MHz (13C)

1

H NMR (400 MHz, CDCl3): δ 4.10 (s, 2H, H-1), 1.36 (s, 6H, H-6), 1.12 (s, 6H, H-3); 13C

NMR (100 MHz, CDCl3): δ 175.2 (C-7), 78.1 (C-1), 54.6 (C-5), 49.1 (C-2), 30.6 (C-6),
26.4 (C-3); IR νmax/cm-1 (film): 3336 (N–H), 2973, 1726 (C=O), 1473, 1399, 1379, 1286,
1259, 1235, 1196, 1127, 1047, 915, 890, 806, 751
Characterisation consistent with previous literature.148

2,2,6-Trimethyl-4-oxa-1-azabicyclo[4.1.0]heptan-5-one CDCl3, 400MHz (1H) 100MHz
(13C)

1

H NMR (400 MHz, CDCl3): δ 3.99 (d, J = 12.1 Hz, 1H, H-1), 3.87 (d, J = 12.1 Hz, 1H, H-

1), 2.45 (s, 1H, H-6), 1.90 (s, 1H, H-6), 1.45 (s, 3H, H-7), 1.29 (s, 3H, H-3/4), 1.13 (s, 3H,
H-3/4); 13C NMR (100 MHz, CDCl3): δ 170.8 (C-8), 71.7 (C-1), 50.0 (C- 5), 36.0 (C-2),
32.9 (C-6), 25.6 (C-7), 23.7 (C-3/4), 20.9 (C-3/4); IR νmax/cm-1 (film): 2973, 2934, 1721
(C=O), 1498, 1467, 1406, 1378, 1327, 1303, 1283, 1255, 1217, 1198, 1131, 1056, 1041,
981, 956, 905, 848, 768, 745, 700
Characterisation consistent with previous literature.148
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3-(Azidomethyl)-3,5,5-trimethylmorpholin-2-one; CDCl3, 400MHz (1H) 100MHz (13C)

1

H NMR (400 MHz, CDCl3) δ: 4.20 (d, J =2.0 Hz, 1H, H-1), 4.13 (d, J =2.0 Hz, 1H, H-1),

3.57 (d, J = 3.0 Hz, 1H, H-6), 3.20 (d, J = 3.0 Hz, 1H, H-6), 1.41 (s, 3H, H-7), 1.23 (s, 3H,
H-3/4), 1.19 (s, 3H, H-3/4); 13C NMR (100 MHz, CDCl3) δ: 172.4, 78.0, 60.6, 58.8, 48.9,
27.2, 26.2, 26.0; IR νmax/cm-1(film): 3332, 2973, 2097, 1728, 1286, 1045; m/z HRMS: (ESI)
found [M+H]+ 199.1186, C8H15N4O requires 199.1190

3-(Hydroxymethyl)-3,5,5-trimethylmorpholin-2-one; CDCl3, 400MHz (1H) 100MHz (13C)

1

H NMR (400 MHz, CDCl3) δ: 4.14 (d, J =3.0 Hz, 1H, H-1), 4.13 (d, J =3.0 Hz, 1H, H-1),

3.70 (d, J = 3.0 Hz, 1H, H-6), 3.35 (d, J = 3.0 Hz, 1H, H-6), 1.38 (s, 3H, H-7), 1.24 (s, 3H,
H-3/4), 1.17 (s, 3H, H3/4); 13C NMR (100 MHz, CDCl3) δ: 173.9, 77.6, 69.2, 58.9, 48.9,
26.2, 26.1, 25.6; IR νmax/cm-1(film): 3313 (br, O–H), 2974, 1721 (C=O), 1284, 1047; m/z
HRMS (ESI) found [M+H]+ 174.1121, C8H16NO3 requires 174.1125

3-(Methoxymethyl)-3,5,5-trimethylmorpholin-2-one; CDCl3, 400MHz (1H) 100MHz
(13C)

1

H NMR (400 MHz, CDCl3) δ: 4.14 (d, J =2.0 Hz, 1H, H-1), 4.12 (d, J =2.0 Hz, 1H, H-1),

3.62 (d, J = 3.0 Hz, 1H, H-6), 3.33 (s, 3H, H-7), 3.21 (d, J = 3.0 Hz, 1H, H-6), 1.33 (s, 3H,
H-8), 1.23 (s, 3H, H-3/4), 1.13 (s, 3H, H-3/4); 13C NMR (100 MHz, CDCl3) δ: 173.3, 79.6,
78.5; 59.2, 58.7, 48.5, 26.6, 26.1, 25.1; IR νmax/cm-1(film): 2970, 1733 (C=O), 1284, 1104,
1049; m/z HRMS (ESI) found [M+H]+ 188.1279, C8H16NO3 requires 188.1281
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H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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8.4. Appendix 4
Characterisation data for compounds isolated for the carbonylation project.

1-(2-((6-(Trifluoromethyl)pyridin-2-yl)oxy)ethyl)azetidin-2-one

General procedure C, residence time 5 min. The residue was purified by column
chromatography (silica, ethyl acetate) to afford the title compound as a light brown oil
(41%); Rf = 0.33 (ethyl acetate);
1

H NMR (400 MHz, CDCl3) δ: 7.72 (1H, t, J = 7.9 Hz), 7.28 (1H, d, J = 7.4 Hz), 6.94 (1H,

d, J = 8.4 Hz), 4.51 (2H, t, J = 5.3 Hz), 3.61 (2H, t, J = 5.3 Hz), 3.35 (2H, t, J = 4.1 Hz),
2.92 (2H, t, J = 4.1 Hz);
C NMR (100 MHz, CDCl3) δ: 167.9, 163.3, 145.5 (q, J = 34.9 Hz), 139.8, 121.38 (q, J =

13

273.6 Hz), 114.9, 113.8 (q, J = 3.2 Hz), 63.9, 41.2, 39.9, 37.1;

1-(3-Phenylpropyl)azetidin-2-one

General procedure C, residence time 5 min. The residue was purified by column
chromatography (silica, ethyl acetate/hexane 4:1 (v/v)) to afford the title compound as a
light brown oil (42%); Rf = 0.33 (ethyl acetate/hexane 4:1 (v/v));
1

H NMR (400 MHz, CDCl3) δ: 7.35–7.25 (2H, m), 7.21–7.17 (3H, m), 3.24 (2H, t, J = 7.1

Hz), 3.19 (2H, t, J = 4.0 Hz), 2.90 (2H, t, J = 4.0 Hz), 2.67–2.62 (2H, m), 1.87 (2H, dt, J =
14.6, 7.4 Hz);
C NMR (100 MHz, CDCl3) δ: 167.8, 141.3, 128.6, 128.5, 126.2, 41.8, 39.0, 36.7, 33.5,

13

29.4;
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1-(2,6-Difluorobenzyl)-4-methylazetidin-2-one

General procedure C, residence time 5 min. The residue was purified by column
chromatography (silica, ethyl acetate/hexane 1:1 (v/v)) to afford the title compound as a
light brown oil (89%); Rf = 0.40 (hexane/ethyl acetate 1:1 (v/v));
1

H NMR (400 MHz, CDCl3) δ: 7.33–7.21 (1H, m), 6.91 (2H, dd, J = 8.3, 7.1 Hz), 4.67 (1H,

dt, J = 14.7, 1.5 Hz), 4.22 (1H, d, J = 14.7 Hz), 3.55 (1H, app qnd, J = 6.1, 2.3 Hz), 3.02
(1H, dd, J = 14.5, 5.0 Hz), 2.51 (1H, dd, J = 14.5, 2.3 Hz), 1.27 (3H, d, J = 6.1 Hz);
C NMR (100 MHz, CDCl3) δ: 166.5, 161.7 (dd, J = 249.7, 7.8 Hz), 130.1 (t, J = 10.3 Hz),

13

111.8, 111.8 (dd, J = 18.9, 6.5 Hz), 47.7, 44.4, 31.5 (t, J = 4.3 Hz), 18.5

4-Methyl-1-(2-(pyrimidin-2-yloxy)ethyl)azetidin-2-one

General procedure C, residence time 30 min The residue was purified by column
chromatography (silica, ethyl acetate to ethyl acetate/methanol 9:1 (v/v)) to afford the title
compound as a light brown oil (89%) Rf = 0.27 (ethyl acetate/methanol 9:1 (v/v);
1

H NMR (400 MHz, CDCl3) δ: 8.55 (2H, d, J = 4.7 Hz), 6.99 (1H, t, J = 4.8 Hz), 4.51 (2H,

t, J = 5.8 Hz), 3.90–3.84 (1H, m), 3.77 (1H, dt, J = 14.9, 5.0 Hz), 3.47 (1H, dt, J = 14.9, 6.0
Hz), 3.10 (1H, dd, J = 14.5, 4.9 Hz), 2.53 (1H, dd, J = 14.5, 2.1 Hz), 1.39 (3H, d, J = 6.1
Hz);
C NMR (100 MHz, CDCl3) δ: 167.2, 164.7, 159.3, 115.3, 77.3, 77.0, 76.7, 65.6, 48.6,

13

44.3, 39.2, 18.7;
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1-Isopropyl-4-methylazetidin-2-one

General procedure A, residence time 15 min at 130 °C. The residue was purified by column
chromatography (silica, diethyl ether) and the combined fractions were passed through a
plug of charcoal eluting with diethyl ether to afford the title compound as a colourless oil
(85%). Rf = 0.27 (diethyl ether);
1

H NMR (400 MHz, CDCl3) δ: 3.82 (1H, sp, J = 6.8 Hz), 3.74–3.69 (1H, m), 2.96 (1H, dd,

J = 14.3, 5.0 Hz), 2.41 (1H, dd, J = 14.3, 2.2 Hz), 1.35 (3H, d, J = 6.1 Hz), 1.25 (3H, d, J =
6.8 Hz), 1.21 (3H, d, J = 6.8 Hz);
C NMR (100 MHz, CDCl3) δ: 166.3, 46.1, 43.8, 43.3, 21.9, 20.7, 20.1;

13

4-Methyl-1-(tetrahydro-2H-thiopyran-4-yl)azetidin-2-one

General procedure B, residence time 5 min. The residue was purified by column
chromatography (silica, diethyl ether/hexane 4:1 (v/v)) and the combined fractions were
passed through a plug of charcoal eluting with diethyl ether to afford the title compound as
a colourless oil (79%); Rf = 0.21 (ethyl acetate/hexanes 80% (v/v));
1

H NMR (400 MHz, CDCl3) δ: 3.76–3.71 (1H, m), 3.49 (1H, tt, J = 11.9, 3.6 Hz), 2.98 (1H,

dd, J = 14.6, 5.1 Hz), 2.73–2.58 (4H, m), 2.42 (1H, dd, J = 14.6, 2.2 Hz), 2.18–2.10 (2H,
m), 1.88 (1H, qd, J = 11.6, 4.2 Hz), 1.77 (1H, qd, J = 11.9, 3.8 Hz), 1.35 (3H, d, J = 6.1
Hz);
C NMR (100 MHz, CDCl3) δ: 166.2, 50.8, 46.5, 45 43.5, 33.4, 31.8, 28.1, 28.0, 20.8;

13
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1-Cyclohexyl-4-methylazetidin-2-one

General procedure A, residence time 5 min. The residue was purified by column
chromatography (silica, diethyl ether/hexane 4:1 (v/v)) and the combined fractions were
passed through a plug of charcoal eluting with diethyl ether to afford the title compound as
a colourless oil (86%); Rf = 0.27 (diethyl ether/hexane 4/1 (v/v));
1

H NMR (400 MHz, CDCl3) δ: 3.71 (1H, qnd, J = 6.0, 2.0 Hz), 3.42 (1H, tt, J = 11.7, 3.9

Hz), 2.97 (1H, dd, J = 14.3, 5.0 Hz), 2.41 (1H, dd, J = 14.4, 2.2 Hz), 1.88 (2H, br t, J = 13.2
Hz), 1.77 (2H, br t, J = 14.6 Hz), 1.65– 1.61 (1H, m), 1.51 (1H, qd, J = 12.3, 3.4 Hz), 1.39
(1H, qd, J = 12.2, 3.4 Hz), 1.34 (3H, d, J = 6.0 Hz), 1.26 (2H, tt, J = 12.2, 3.1 Hz), 1.14
(1H, qn, J = 12.5, 3.3 Hz);
C NMR (100 MHz, CDCl3) δ: 166.3, 51.8, 46.3, 43.3, 32.1, 30.7, 25.4, 25.3, 20.7;

13

4,4-Dimethyl-1-(2-(pyridin-2-yloxy)ethyl)azetidin-2-one

General procedure C, residence time 30 min. The residue was purified by column
chromatography (silica, hexane/ethyl acetate 3:2 (v/v)) to afford the title compound as a
light brown oil (90%); Rf = 0.08 (hexane/ethyl acetate 7:3 (v/v));
1

H NMR (400 MHz, CDCl3) δ: 8.13 (1H, dd, J = 5.0, 1.4 Hz), 7.56 (1H, ddd, J = 8.5, 7.1,

2.0 Hz), 6.87 (1H, ddd, J = 7.0, 5.1, 0.8 Hz), 6.72 (1H, d, J = 8.3 Hz), 4.40 (2H, t, J = 5.7
Hz), 3.50 (2H, t, J = 5.7 Hz), 2.73 (2H, s), 1.40 (6H, s);
C NMR (126 MHz, CDCl3) δ: 167.1, 163.3, 147.0, 138.8, 117.2, 111.2, 63.6, 56.0, 50.5,

13

38.8, 25.4;
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4,4-Dimethyl-1-(2-(phenylsulfonyl)ethyl)azetidin-2-one

General procedure C, residence time 30 min. The residue was purified by column
chromatography (silica, ethyl acetate/hexane 1:1 (v/v)) to afford the title compound as a
light brown oil (81%); Rf = 0.08 (ethyl acetate/hexanes 1:1 (v/v));
1

H NMR (400 MHz, CDCl3) δ: 7.93 (2H, d, J = 7.3 Hz), 7.69 (1H, t, J = 7.4 Hz), 7.59 (2H,

t, J = 7.6 Hz), 3.45 (4H, s), 2.69 (2H, s), 1.36 (6H, s);
C NMR (100 MHz, CDCl3) δ: 166.7, 138.8, 134.3, 129.6, 128.2, 56.1, 54.2, 50.6, 33.3,

13

25.0;

1-Adamantan-1-yl)-4-methylazetidin-2-one

General procedure B, residence time 30 min. The crude product was purified by column
chromatography (silica gel, diethyl ether/hexane 7:3 (v/v)) to afford the title compound as
a brown oil (61%). Rf = 0.13 (ethyl acetate/hexane 7:3 (v/v));
1

H NMR (500 MHz, CDCl3) δ: 3.78–3.70 (1H, m), 2.91 (1H, dd, J = 14.3, 5.2 Hz), 2.30

(1H, dd, J = 14.3, 2.2 Hz), 2.11–2.04 (3H, m), 2.04–1.99 (6H, m), 1.67 (6H, t, J = 3.1 Hz),
1.38 (3H, d, J = 6.0 Hz);
C NMR (126 MHz, CDCl3) δ: 166.7, 55.0, 45.6, 42.9, 41.2, 36.4, 29.3, 22.5;

13
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1-(2-((6-(Trifluoromethyl)pyridin-2-yl)oxy)ethyl)azetidin-2-one
1

H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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1-(3-Phenylpropyl)azetidin-2-one
1

H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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1-(2,6-Difluorobenzyl)-4-methylazetidin-2-one
1

H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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4-Methyl-1-(2-(pyrimidin-2-yloxy)ethyl)azetidin-2-one
1

H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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1-Isopropyl-4-methylazetidin-2-one
1

H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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4-Methyl-1-(tetrahydro-2H-thiopyran-4-yl)azetidin-2-one
1

H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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1-Cyclohexyl-4-methylazetidin-2-one
1

H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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4,4-Dimethyl-1-(2-(pyridin-2-yloxy)ethyl)azetidin-2-one
1

H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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4,4-DImethyl-1-(2-(phenylsulfonyl)ethyl)azetidin-2-one
1

H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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1-Adamantan-1-yl)-4-methylazetidin-2-one
1

H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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4-Methylphthalic Anhydride
1

H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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1,3-Dibenzylurea
1

H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)
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3-methylene-1-phenylazetidin-2-one
1

H NMR (CDCl3, 400 MHz)

13

C NMR (CDCl3, 100 MHz)

- 234 -
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8.5. Appendix 5
Models built for the LCA analysis
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Introduction

Synthesis routes for all compounds were selected based on available information on the
best industrial practices. Sources included Ullmann’s Encyclopaedia of Industrial
Chemistry,1 Kirk-Othmer Encyclopaedia of Chemical Technology,2 patents or, in case of
small-scale syntheses, scientific publications being detailed enough to reproduce the
process.
Scales of the processes were selected based on the volume of available bulk orders,
information from literature data or market research summaries. The same applies to the
location of production plants.
Preferable technology (for example batch or continuous) was selected based on the
throughput of the synthesis and available information from the literature.
All physio-chemical properties were sourced from the NIST webbook database.3 For
molecules not present in the database, values were simulated using appropriate models;
specific models were cited in each case.
Some processes were modified to accommodate current health and safety regulations as
well as green chemistry principles; for example, chlorinated solvents were replaced with
appropriate alternatives.
For processes where the mass balance was not closed, an assumption was made to add a
necessary amount of an unreacted substrate, which cannot be recycled, to the product side
of the mass balance. Where possible, recycling of solvents and other reactants was applied.
For mass and energy balances the following assumptions were made:
1. For high-temperature differences (>50ºC), 75% efficiency of heating/cooling was
assumed.
2. For low-temperature differences (<30ºC), 100% efficiency of heating/cooling was
assumed.
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3. For moderate temperature differences (50ºC<30ºC), 85% efficiency of
heating/cooling was assumed.
4. Heating is performed using saturated steam at appropriate pressure. Heat delivered
from the steam was calculated based on:

𝑄 = 𝑚𝑠 ℎ𝑓𝑔

(1)

where Q is the energy required (kJ); ms is the mass of steam (kg), and hfg is the
specific enthalpy of evaporation of steam (kJ kg-1).
5. The energy required to heat/cool the mixture was calculated based on:

𝑄 = 𝑚𝐶𝑝∆𝑇

(2)

where m is the mass of the mixture (kg), Cp is the heat capacity of the mixture
calculated assuming that the specific heat capacity of a mixture is equal to the massweighted average of the components heat capacities (kJ kg-1 K-1), and ΔT is the
temperature difference (K). When required, latent heats of evaporation were
accounted for.
6. The heat of reaction was calculated based on heats of formations of substrates and
products at appropriate states (solid/liquid/gas) and heats of the phase
transformation.

∆𝐻 = ∑ ℎ𝑓𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 − ℎ𝑓𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝑠

(3)

7. Where appropriate, a heat of reaction was added/deducted from the energy required
to heat/cool the mixture.
8. Specific heat capacities of mixtures were calculated based on the addition method.

𝐶𝑝𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = ∑ 𝐶𝑝𝑖 𝑥𝑖

9. The energy required to pump the reactants was calculated based on ref. 4.

v
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10. The power required for mixing was calculated based on ref. 5 assuming agitator to
be a Rushton 6-blade, the scale of agitation 4 and D/T ratio 0.4
11. For other instruments, appropriate tools were used to estimate the energy required
or they were neglected if their impact on the overall energy balance was small.
12. 100% efficiency of extractions was assumed.
13. Unless otherwise stated, all by-products were treated as waste streams and utilised.
14. Following industrial standards, all solvents were recycled using distillation or hightemperature incineration method.
15. All metal based, heterogeneous catalysts were recycled.
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Anhydrous copper (II) acetate

2.1. Introduction
Copper (II) acetate is produced industrially by following chemical reactions:1
1. Reaction of copper (II) hydroxide or copper (II) carbonate with a solution of acetic
acid
2. Reaction of copper (II) oxide with a solution of acetic acid at elevated temperature
3. Reaction of copper (II) sulfate solution with lead acetate
4. Reaction of metallic copper with boiling aqueous acetic acid in the presence of air
or oxygen.
Copper (II) acetate occurs in two forms, anhydrous and monohydrate. Anhydrous
copper(II) acetate [142-71-2], Cu(CH3COO)2, Mr 181.63, mp 115 °C, bp 240 °C, is a dark
green crystalline verdigris, neutralised verdigris. The monohydrated copper (II) acetate
[6046-93-1], Cu(CH3COO)2*H2O, Mr 199.65, mp 115 °C, decomposition at 240 °C, forms
blueish green monoclinic crystals. The commercially available copper (II) acetate is copper
(II) acetate monohydrate with a density of 1.882 [g cm-3], a water solubility of 7.2 [g 100
mL-1] in cold water and 20 [g 100-1] in hot water. In addition, copper (II) acetate
monohydrate is soluble in alcohols and slightly soluble in ethers and glycerol.1
Applications of copper (II) acetate:
1. As an insecticide, fungicide and mildewcide in crop protection
2. As a preservative for cellulosic materials
3. For production of Paris green
4. As a catalyst in organic chemistry
5. Others
The list of main manufacturers of copper (II) acetate includes:
1. Eastman Chemicals
2. American Elements
vii
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3. Kangtai Chemical
4. SRL Chemical
5. Sam Industries
6. TIB-Chemicals
7. Shepherd Chemical
Based on a market research, the maximum capacity of a single plant for copper (II) acetate
was estimated to be in the range of 200 kilo-tonnes per annum.1

2.2. Process description
Due to lack of reliable data describing which process is currently practised in industry, the
mildest option, i.e. reaction of copper (II) carbonate with acetic acid was selected. This
process requires virtually no purification and occurs spontaneously under ambient
conditions.
The process involves a reaction between solid copper (II) carbonate and glacial acetic acid.
In the course of a slightly endothermic reaction, carbon dioxide, that is released to the
environment, and water are produced. No other by-products are formed. After the reaction,
a slurry of copper (II) is generated.

Scheme 2.2-1. Formation of copper (II) acetate from copper carbonate and acetic acid.

As reaction system, a twin-screw setup with an additional gaseous phase release is
presented. A conveyer belt for solids delivery introduces crystals of copper (II) carbonate
and, upon entering the twin-screw reactor, the solid phase is mixed with glacial acetic acid
delivered by a pump. The formed slurry (mixture of solid copper (II) acetate and its
saturated solution in water) is transported by a twin-screw along the reactor and, upon
exiting, is directed into a continuous furnace (100 ºC), where the liquid phase evaporates
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yielding pure copper (II) acetate. Steam is supplied to the heat exchanger in the furnace.
The twin-screw reactor operates at 25 ºC.
In the course of the process, anhydrous copper (II) acetate is obtained, and upon exposure
to moisture, a monohydrate is formed.
No heat integration is applied due to low heat of the single hot outlet stream. Water from
the condenser (50 ºC) is cooled down to ambient temperature in a fountain and reused.
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2.3. Process diagram

1
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Pump 1

1

9

H-I pump 2

Heat exchanger 1
Twin-screw reactor
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H-I pump 1

Furnice

P-16

Condenser

Heat exchanger 3
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7
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x

Steam generator

8

4

3

Heat Exchanger 2

Copper acetate vessel

Figure 2.3-1. Process diagram for the production of copper acetate.
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2.4. Mass balance
Table 2.4-1. Basis: production of 200,000,000 kg/annum copper (II) acetate product.
Stream

1

2

3

4

5

6

7

Description

AcOH in

CuCO3 in

CO2 out

1

1

1

Cu(OAc)2
out
1

Steam
out
1

Water in

Pressure (bar)

Crude
out
1

Temperature
(oC)
State

25

25

25

25

100

100

50

l

s

l/s

v

s

v

l

MOLAR
(mol)
AcOH

2.24E+09

mole fraction

0.97

CuCO3

1.10E+09

mole fraction

1

CO2

1.10E+09

mole fraction

1

1

H 2O

6.91E+07

1.10E+09

1.10E+09

1.10E+09

mole fraction

0.03

0.5

1

1

1.98E+7

1.98E+7

1.98E+7

1.98E+7

Cu(OAc)2

1.10E+09

1.10E+09

mole fraction

0.5

1

MASS (kg)
AcOH

1.34E+08

CuCO3

2.43E+08

CO2

4.85E+07

H 2O

1.98E+7

Cu(OAc)2

2E+08

TOTAL

1.34E+08

2.43E+08

2E+08

2.20E+08

xi

4.85E+07

2E+08
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2.5. Heat/energy balance

Scheme 2.5-1. Simplified scheme of the process.

Twin screw reactor heating

Table 2.5-1. Enthalpies of formation.
Compound

Enthalpy of formation [kJ mol-1]

Copper carbonate

-595.00

Acetic acid

-484.04

Copper acetate

-836.40

Carbon dioxide

-393.52

Water

-285.83

Enthalpy of the reaction: ΔH = 47.33 [kJ mol-1]
To keep the temperature constant, the heat of reaction must be balanced by the addition of
a heat stream.
Total heat required: 5.21E+10 [kJ]
Saturated steam enters the furnace at 4 bar(g) (151.9 ºC);
Steam required: 2.47E+04 [t]
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Condenser
The condenser is used to recover heat from evaporated by-products of the reaction. It is
assumed that the gaseous phase is 100% mole fraction water. In practice this value would
be in the range of 95% - 97% and the rest would consist of acetic acid (3% - 5%). Cooling
water enters the heat exchanger at 20 ºC and leaves at 50 ºC.
Vapour temperature in: 100 ºC
Vapour temperature out: 50 ºC
The latent heat of evaporation of water: 40.8 [kJ mol-1]
Heat available: 4.91E+10 [kJ]
Heat recovered: 3.68E+10 [kJ]
Cooling water required: 2.92E+05 [t]
Furnace
It is assumed that the liquid phase is 100% mole fraction water. In practice this value would
be in the range of 95% - 97% and the rest would consist of acetic acid (3% - 5%). The
enthalpy of crystallisation of copper acetate is omitted due to lack of reliable data.
Due to lack of reliable data on the heat capacity of copper acetate and copper carbonate,
data for copper chloride is used.

Table 2.5-2. Heat capacities of products.
Compound

Heat capacity [kJ mol-1K-1]

Copper chloride

0.55

Water

4.20

The specific heat capacity of the slurry is equal to 0.88 [kJ kg-1 K-1]
Energy required: 5.94E+10 [kJ]
Energy delivered: 7.43E+10 [kJ]
Saturated steam enters the furnace at 4 bar(g) (151.9 ºC);
xiii
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Steam required: 3.52E+04 [t]
Conveyer belt, reactor, pumps
Conveyer belt: 27.80 [t h-1]
Required power: 2.96E+07 [kJ] (based on ref. 5)
Pump 1: 15310.37 [kg h-1] = 42.53 [l s-1]
System of 10 pumps can deliver 44.20 [l s-1] being at 50% efficiency.
Required power: 10 x 67.10 [W] = 2.12E+07 [kJ]
Pump for the condenser cooling water: 2.84 [t h-1] = 7.89 [l s-1]
System of 2 pumps can deliver 8.82 [l s-1] being at 50% efficiency
Required power: 2 x 67.10 [W] = 4.42E+06 [kJ]
Twin-screw reactor
It is assumed that the reactor requires the same amount of power as the conveyer belt.
Required power: 2.96E+07 [kJ]

2.6. Total energy requirement
8.48E+7 [kJ]
Cooling water: 2.92E+05 [t]
Steam (4 bar(g)): 3.52E+04 [t]
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Sodium acetate

3.1. Process description
Formation of sodium acetate is a spontaneous reaction between sodium hydroxide and
glacial acetic acid. Reaction proceeds at ambient temperature and pressure and is mildly
exothermic.1

Scheme 3.1-1. Formation of sodium acetate from sodium hydroxide and acetic acid.

Sodium acetate is produced from glacial acetic acid and an aqueous solution of sodium
hydroxide (50%). The spontaneous, exothermic liquid phase reaction is conducted with a
slight excess of acetic acid to assure full conversion of sodium hydroxide. The purification
involves evaporation of water (by-product) and remaining acetic acid (usually no more than
3 mol%). No other by-products are formed.1
The reaction occurs at ambient temperature and pressure. As reactor setup, a y-nozzle was
selected due to its superior mixing properties. A solution of sodium acetate is passed into a
continuous furnace where water evaporates yielding crystals of sodium acetate.
Due to the exothermic nature of the reaction, the nozzle must be cooled down using a stream
of cold water. Vapours from the furnace are directed into a condenser.
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3.2. Process diagram
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H-I pump 1
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P-16

Condenser

4

Heat exchanger 3

6

Water vessel

xvi

Steam generator

Cold water tank
10

Heat Exchanger 2

Copper acetate vessel

Figure 3.2-1. Process diagram for production of sodium acetate.
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3.3. Mass balance
Table 3.3-1. Basis: production of 1 000,000,000 kg/annum sodium acetate product.
Stream
1
Description
AcOH in
Pressure (bar)
1
Temperature
25
o
( C)
State
l
MOLAR (mol)
AcOH
1.26E+10
mole fraction
NaOH
mole fraction
H2O
mole fraction
NaOAc
mole fraction
MASS (kg)
AcOH

3
Crude out
1
25

4
NaOAc out
1
25

5
steam out
1
100

6
H2O out
1
100

l

l

s

v

l

2.44E+10

2.44E+10

2.44E+10

0.66
1.22E+10

1

1

1.22E+10

0.33

1

4.39E+08

4.39E+08

4.39E+08

4.39E+08

0.97
1.22E+10
3.89E+08

0.5
1.22E+10

0.03

0.5

7.54E+08

NaOH
H2O

2
NaOH in
1
25

4.88E+08
7.00E+06

4.39E+08

NaOAc
TOTAL

7.54E+08

4.88E+08

1.00E+09

1.00E+09

1.44E+09

1.00E+09
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3.4. Heat balance

Scheme 3.4-1. Simplified scheme of the process.

Reactor cooling

Table 3.4-1. Enthalpies of formation
Compound

Enthalpy of formation [kJ mol-1]

Sodium hydroxide

-416.88

Acetic acid

-484.04

Sodium acetate

-709.32

Water

-285.83

Enthalpy of the reaction: ΔH = -94.23 [kJ mol-1]
Total cold required: 1.15E+12 [kJ]
Since there is a requirement for a large amount of cooling medium, the heat integration is
not sufficient to close the energy balance. Water enters the reactor at 20 ºC and leaves at 25
ºC.
Cooling water required: 5.47E+07 [t]
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Furnace
It is assumed that the liquid phase is 100% mole fraction water. In practice this value would
be in the range of 95% - 97% and the rest would consist of acetic acid (3% - 5%).
The enthalpy of crystallisation of sodium acetate: hcryst=17.95 [kJ mol-1]
Saturated steam enters the furnace at 4 bar(g) (151.9 ºC);

Table 3.4-2. Heat capacities of products.
Compound

Heat capacity [kJ mol-1K-1]

Sodium acetate

1.22

Water

4.20

The specific heat capacity of the slurry is equal to 2.13 [kJ kg-1K-1].
Energy required: 1.44E+12 [kJ]
Energy delivered: 1.81E+12 [kJ]
Steam required: 8.57E+05 [t]
Condenser
The condenser is used to recover heat from evaporated by-products of the reaction. It is
assumed that the gaseous phase is 100% mole fraction water. In practice this value would
be in the range of 95% - 97% and the rest would be acetic acid (3% - 5%).
Temperature in: 100 ºC
Temperature out: 50 ºC
Heat available: 1.09E+12 [kJ]
Heat recovered: 8.16E+11 [kJ]
Cooling water required: 6.48E+06 [t]
Pumps
Pump 1: 2.24 [l s-1]
xix

Chapter 8

Appendices

One pump can deliver 2.84 [l s-1] being at 50% efficiency
Required power: 1.41E+06 [kJ]
Pump 2: 2.39 [l s-1]
Assumed the same as Pump 1
Required power: 1.41E+06 [kJ]

3.5. Total energy requirement
2.82E+06 [kJ]
Cooling water: 6.12E+07 [t]
Steam (4 bar(g)): 8.57E+05 [t]
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1,4-benzoquinone

4.1. Introduction
1,4-Benzoquinone, C6H4O2, Mr 108.10, mp 113 ºC, is soluble in most oxygenated organic
solvents (ethers, alcohols, acetone), and hot ligroin, slightly soluble in petroleum ether, and
insoluble in water. Crystallisation from alcohols or sublimation produces yellow
monoclinic prisms.1
Applications of p-benzoquinone:6

1. Inhibition of polymerisation
2. Determination of amino acids
3. An additive in adhesive mixtures
4. Oxidative syntheses
5. Bactericidal substances
The list of main manufacturers of copper (II) acetate includes:
1. Sigma-Aldrich
2. Aladdin
3. Alfa Aesar
Based on a market research, the estimate of the maximum capacity of a single plant for pbenzoquinone is in the range of 1000 tonnes per annum.
1,4-benzoquinone is produced industrially by following chemical reactions:2
1. Oxidation of aniline
2. Oxidation of phenol
3. Oxidation of glucose
The first two options include a two-step oxidation. Firstly, hydroquinone is formed, and
upon a second oxidation step, p–benzoquinone is obtained. The oxidation can be performed
xxi
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using hydrogen peroxide and iodine as a catalyst. The process can be performed in batch
on a 1 t scale.1

4.2. Process description

Scheme 4.2-1. Formation of benzoquinone upon oxidation of hydroquinone.

In the course of the process, hydroquinone is dissolved in isopropyl alcohol, and iodine is
added to the mixture. Upon vigorous stirring, an aqueous solution of hydrogen peroxide
(35%) is added over 3 hours. The temperature is kept at 35 ºC. Upon completion of the
addition, the temperature is raised to 45 ºC, and the mixture is stirred for additional 3 hours.
After completion of the reaction, the mixture is transported into a crystallisation vessel and
cooled down to 15 ºC. The liquid phase is evaporated at 100 ºC and reused for next batches;
crystals of 1,4-benzoquinone are collected. The yield of the reaction is 91.6%, and the
purity of the product is >99%.7
The reaction is highly exothermic and requires efficient cooling.
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4.3. Mass balance
Table 4.3-1. Basis: production of 1000 kg p-benzoquinone product.
Stream
Description
Pressure (bar)
Temperature
(ºC)
State

Reaction

Crystallisation

Reaction
mix
1

H2O2 in

Crude out

1

35
l

MOLAR
(mol)
hydroquinone

5.49E+03

mole fraction

0.3

isopropanol

1.04E+04

Solid out

1

Liquid
out
1

25

45

l

Drying
Solid out

Cond.

1

Vapour
out
1

1

1

15

15

100

100

50

l

v

s

v

l

l

1.04E+04

9.91E+03

521.47

521.47

521.47

0.07

0.33

0.33

mole fraction

0.66

0.28

iodine

1.65E+02

1.65E+02

mole fraction

0.03

0.004

1.56E+02

H2O

1.10E+04

2.20E+04

1097.82

1097.82

1097.82

mole fraction

0.35

0.58

0.16

0.67

0.67

H2O2

7.14E+03

mole fraction

0.65

pbenzoquinone
mole fraction

2.09E+04
5.03E+03

5.03E+03

5.03E+03

0.13

0.75

1

MASS (kg)
hydroquinone

1213.73

isopropanol

626.80

626.80

595.46

iodine

20.90

20.90

19.85

395.22

375.46

H2O

197.61

H2O2

242.62

pbenzoquinone
TOTAL

913.24
1861.43

440.23

1956.16

31.34

31.34

31.34

19.76

19.76

19.76

913.24
990.77
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4.4. Heat/energy balance

Scheme 4.4-1. Simplified scheme of the process.

Reaction 1
Heating of the reaction mixture to from 20 ºC to 35 ºC

Table 4.4-1. Heat capacities of substrates.
Compound

Heat capacity [kJ mol-1K-1]

Hydroquinone

1.20

Isopropanol

2.68

The specific heat capacity of the mixture is equal to 1.70 [kJ kg-1K-1].
Saturated steam enters the heat exchanger at 4 bar(g) (151.9 ºC);
Assuming 15% heat losses per hour the heat required to maintain the temperature:
Energy required: 6.88E+4 [kJ]
Steam required: 0.032 [t]
Reaction 2
Heating of the reaction mixture to from 35 ºC to 45 ºC
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Table 4.4-2. Heat capacities of substrates.
Compound

Heat capacity [kJ mol-1K-1]

Hydroquinone

1.20

Isopropanol

2.68

Hydrogen peroxide

2.63

Water

4.20

The specific heat capacity of the mixture is equal to 2.02 [kJ kg-1K-1].
Saturated steam enters the furnace at 4 bar(g) (151.9 ºC);
Assuming 15% heat losses per hour, the heat required to maintain the temperature:
Energy required: 5.41E+4 [kJ]
Steam required: 0.026 [t]
Cooling of the reactor during reaction 2

Table 4.4-3. Enthalpies of formation of substrates.
Compound

Enthalpy of formation [kJ mol-1]

Hydroquinone

-371.10

Hydrogen peroxide

-187.34

Benzoquinone

-186.80

Water

-285.83

Enthalpy of the reaction: ΔH = 200.019 [kJ mol-1]
Heat required: -1.01E+06 [kJ]
Heat supplied: -1.26E+06 [kJ]
Cooling water required: 19.95 [t]
Crystallisation
Cooling of the reaction mixture to from 45 ºC to 15 ºC
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Water at 5 ºC is used to cool down the reactor.
The specific heat capacity of the mixture is equal to 1.99 [kJ kg-1K-1].
Due to lack of reliable data, the enthalpy of crystallisation is omitted.
Energy required: 4.07E+04 [kJ]
Energy delivered: 5.08E+04 [kJ]
Cold water required: 1.21 [t]
Evaporation of liquids at 100 ºC
Saturated steam enters the furnace at 4 bar(g) (151.9 ºC);
The specific heat capacity of the mixture is equal to 1.99 [kJ kg-1K-1].
Energy required: 3.31E+5 [kJ]
Energy delivered: 4.14E+5 [kJ]
Steam required: 0.20 [t]
Condensation at 50 ºC
Heat capacity of water: 4.20 [kJ kg-1 K-1]
Heat capacity of isopropanol: 2.68 [kJ kg-1 K-1]
Heat available: 1.42E+06 [kJ]
Heat recovered: 1.06E+06 [kJ]
Cold water required: 8.44 [t]
Reactor mixing
Motor power: 1.18 kW
Energy required for a 6-hour batch: 2.55E+4 [kJ]
Crystallisation vessel mixing
Assumed the same as reactor mixing.
Energy required for 1 batch: 2.55E+4 [kJ]
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4.5. Total energy requirement
5.10E+4 [kJ]
Cooling water (20 ºC) required: 28.38 [t]
Cooling water (5 ºC) required: 1.21 [t]
Steam (4 bar(g)) required: 0.258 [t]
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1-adamantane carboxylic acid

5.1. Summary
The selected process of 1-adamantane carboxylic acid synthesis is a 3-stage reaction. The
first part involves reduction of dicyclopentadiene over palladium on carbon catalyst using
hydrogen.8 The second part involves reaction catalyzed by aluminium chloride and yields
in adamantane.9 Finally, adamantane is carboxylated to 1-adamantane carboxylic acid
using formic acid, sulfuric acid and t-butanol.10 Alternatively, adamantane can be extracted
from crude oil however, the content of adamantane in crude oil varies depending on its
source between 0.03 – 0.0001% making it economically not viable to use this source.

5.2. Reduction of dicyclopentadiene
Dicyclopentadiene is reduced to tetrahydrodicyclopentadiene in a batch process conducted
under relatively mild conditions; T=25 ºC, p=10 bar(g), t=60 min. The process requires low
catalyst loading 1 mass%, 2 wt% palladium/charcoal. The reaction is neat, i.e. no solvent
is required, and the yield is quantitative (95% yield is assumed).8 The reaction mixture is
filtered to separate the catalyst and used crude in next operations. Based on a market
research,

the

estimate

of

the

maximum

capacity

tetrahydrodicyclopentadiene is in the range of 1 t per annum.

Scheme 5.2-1. Reduction of dicyclopentadiene.
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Table 5.2-1. Basis: production of one batch, i.e. 1000 kg tetrahydrodicyclopentadiene
product.
Stream
Description
Pressure (bar)
Temperature (ºC)
State
MOLAR (mol)
dicyclopentadiene

Reaction
Reaction Reaction
mix
out
10
1
25
25
l/s
l/s
7726.42

mole fraction
Pd/C

0.33
77

mole fraction
hydrogen

0.01
15452.83

mole fraction
tetrahydrodicyclopentadiene

0.66

386.32

1

7340.096

7340.096

1

1
51.07

1021.43

51.07

Pd/C

10

10

hydrogen

30.91

TOTAL

386.32
77

mole fraction
MASS (kg)
dicyclopentadiene

tetrahydrodicyclopentadiene

Filtration
Solid
Liquid
out
out
1
1
25
25
s
l

10

1000
1062.34
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Scheme 5.2-2. Simplified scheme of the process.

Heating of the reactor during the reaction:

Table 5.2-2. Enthalpies of formation.
Compound

Enthalpy of formation [kJ mol-1]

Dicyclopentadiene

-177.52

Hydrogen

0

Tetrahydrodicyclopentadiene

-113.10

Enthalpy of the reaction: ΔH = 64.24 [kJ mol-1]
Heat required: 4.73E+05 [kJ]
Saturated steam enters the furnace at 4 bar(g) (151.9 ºC).
Steam required: 0.28 [t]
Compressor
Based on http://www.engineeringtoolbox.com/horsepower-compressed-air-d_1363.html
Compression of 30.91 kg of hydrogen from 0 bar(g) to 10 bar(g)
Energy required: 1.14E+05 kJ
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Filtration
Neglected
Reactor mixing
Motor power: 0.58 kW
Energy required for a 1-hour batch: 2.088E+4 [kJ]

5.2.3.

Total energy requirement

1.35E+05 [kJ]
Steam (4 bar) required: 0.28[t]

5.3. Synthesis of adamantane
Adamantane can be prepared by refluxing (185 ºC) tetrahydrodicyclopentadiene with
aluminium chloride (1 mol%) over 12 hours.9 The reaction is followed by distillation. The
recovered from the light fraction substrate is recycled. The product (adamantane) is
crystallised from the heavy fraction by lowering the temperature to 25 ºC giving 10% yield
of adamantane.

Scheme 5.3-1. Synthesis of adamantane.
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Table 5.3-1. Basis: production of 8499 kg/annum tetrahydrodicylclopentadiene product.
Stream
Description

Reaction
Reaction Reaction
mix
out
1
1
182
25
l/s
l/s

Distillation
Liquid
Liquid
light
heavy
1
1
200
25
s
L

Pressure (bar)
Temperature (ºC)
State
MOLAR (mol)
tetrahydrodicyclopentadiene 73399.88 62389.91 62389.91
mole fraction

0.99
73.4

0.79
73.4

0.94
73.4

mole fraction

0.01

0.01
11009.97

0.0001
3669.99

7339.98

0.1

0.055

1

9999.85

8499

8499

97.87

97.87

97.87

1500

500

1000

1010

10

1000

AlCl3
adamantane
mole fraction
MASS (kg)
tetrahydrodicyclopentadiene
AlCl3
adamantane
TOTAL

1062.34
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Scheme 5.3-2. Simplified scheme of the process.

Heating of the reaction mixture from 25 ºC to 185 ºC.
Heat capacity of the mixture is assumed to be equal to the heat capacity of the substrate,
i.e. 1.26 [kJ kg-1K-1]
Enthalpy of vaporisation: 46.00 [kJ mol-1]
Heat required to preheat the mixture: 2.46E+07 [kJ]
The heat required to maintain the temperature:
Assuming 15% loss per hour.
In total: 6.88E+07 [kJ]
Saturated steam enters the furnace at 15 bar(g) (198.28 ºC).
Steam required: 35.36 [t]
Condenser
Due to temperatures close to a boiling point of the substrate, a condenser of gaseous phase
is required. Due to lack of information regarding the liquid/gas equilibrium, a mass flow
rate of cold water is assumed to be 1 [t h-1].
Total cold water consumption: 12 [t].
Reactor mixing
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Motor power: 0.58 kW
Energy required for a 12-hour batch: 2.51E+5 [kJ]
Flash Distillation
The light fraction (contains substrate and by-products) is evaporated at 200 ºC.
Energy required: 2.00E+06 [kJ]
Energy delivered: 4.01E+06 [kJ]
Saturated steam enters the heat exchanger at 20 bar(g) (212.37 ºC).
Steam required: 2.12 [t]
The heavy fraction is cooled down to room temperature and filtered – the energy required
neglected.

5.3.3.

Total energy requirement

2.51E+5 [kJ]
Steam required (20 bar): 2.12 [t]
Steam required (15 bar): 35.36 [t]
Cold water: 12 [t].

5.4. Reaction to 1-adamantane carboxylic acid.
1-Adamantanecarboxylic acid can be prepared by carboxylation of 1-adamantanol or 1bromoadamantane with formic acid and 96% sulfuric acid; by carboxylation of adamantane
with formic acid, t-butyl alcohol, and 96% sulfuric acid; and by carboxylation of
adamantane with formic acid and oleum.10
The mildest and highest yielding reaction was chosen, i.e. the carboxylation of adamantane
by formic acid, t-butyl alcohol, and 96% sulfuric acid.10
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Scheme 5.4-1. 1-adamantane carboxylic acid synthesis.

A slight modification to the procedure was made. Instead of carbon tetrachloride, heptane
was used; the change of the solvent should not change the yield.10 The change was due to
the high toxicity of the originally reported solvents. Additionally, ammonium bicarbonate
was used instead of ammonium hydroxide.
The reaction is mildly exothermic ΔH = -79.4 kJ mol-1 and proceeds in the liquid phase. A
mixture of sulfuric acid, heptane and adamantane is prepared at room temperature (20 – 25
ºC) and stirred. Formic acid is added to the mixture, and tert-butyl alcohol is pumped in
over 3 hours. Upon completion, the reaction mixture is stirred for 1 hour and cooled down
to 0 ºC. Following this, water is added. The organic phase is extracted using ethyl acetate,
and combined organic fractions are mixed with ammonium bicarbonate, stirred, filtered
and washed with acetone.
The obtained crystals are suspended in water, and hydrochloric acid is added to break the
salt. An extraction using ethyl acetate is performed; the organic phase is dried using
anhydrite (calcium sulfate).
After the solvent evaporation, crude 1-adamantane carboxylic acid is obtained in 95%
purity and 70% yield.

5.4.1.

Mass balance
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Liquid
light
1
5
l

Liquid in
1
25
l
2.94E+03

4.40E+03

Crystals
out
1
25
l

Salt formation

Table 5.4-1. Basis: production of 794 kg/annum 1-adamantanecarboxylic acid product.

Reaction
out
1
25
l
2.94E+03

Extraction

Reaction
mix
1
25
l
2.94E+03

8.37E+04

Reaction

Pressure (bar)
Temperature (oC)
State
7.34E+03
8.37E+04

3.52E+05

Stream

MOLAR (mol)
Adamantane
8.81E+04
3.52E+05

Description

Formic acid
3.52E+05

Liquid
heavy
1
25
l

Sulfuric acid

4.79E+04

2.94E+04
4.79E+04

2.94E+04
4.79E+04

10

4.40E+03

4.40E+04

3.00E+05

4.40E+03

3.00E+05

2.94E+04
4.79E+04

4.40E+03

1.00E+05

Tert-butyl alcohol
Heptane
Ethyl acetate
Ammonium bicarbonate
Water
Hydrochloric acid (30%)
Ammonium chloride
1-adamantanecarboxylic
acid
Acetone
1-adamantanecarboxylic
acid ammonia salt

Salt breaking

Liquid
heavy
1
25

Extraction

Liquid
light
1
25

6.66E+04

Liquids
out
1
25

6.66E+04

1.70E+04

Crystals and
liquids in
1
25

6.66E+04

1.70E+04

3.00E+05

2.20E+04

4.40E+03

4.40E+03

4.40E+03

4.40E+03

4.40E+03
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Stream
Description
Pressure (bar)
Temperature (oC)
State
Mass (kg)
Adamantane
Formic acid
Sulfuric acid
Tert-butyl alcohol
Heptane
Ethyl acetate
Ammonium
bicarbonate
Water
Hydrochloric acid
(30%)
Ammonia chloride
1adamantanecarboxylic acid
Acetone
1-adamantanecarboxylic acid
ammonia salt

Reaction
mix
1
25
l
4.00E+02
3.85E+03
3.46E+04
2.59E+03
4.80E+03

Reaction
out
1
25
l

Reaction

1.00E+03
4.05E+03
3.46E+04
2.59E+03
4.80E+03

7.94E+02

1.80E+02

3.85E+03
3.46E+04
2.59E+03

Liquid
heavy
1
25
l

Extraction
Liquid
light
1
5
l
4.00E+02

4.80E+03
2.64E+04

7.94E+02

1

Liquid in

Salt formation
Crystals
out
1
25
s

Liquids
out
1
25
l
4.00E+02

1
25
l
4.00E+02

4.80E+03
2.64E+04
3.13E+03

0.58

4.80E+03
2.64E+04
3.45E+03

7.94E+02
0.58
8.68E+02

2.29E+02
7.94E+02

1.00E+02
6.12E+02

Liquids
out
1
25

Salt breaking
Crystals and
liquids in
1
25

1.00E+02
7.92E+02

8.68E+02

2.29E+02

1.00E+02
6.12E+02

Liquid
heavy
1
25

Extraction

Liquid
light
1
25

2.64E+04

7.94E+02

1
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Scheme 5.4-2. Schematic process diagram.

Since the reaction is conducted at room temperature and is only slightly exothermic,
cooling water can be neglected.
The first extraction is conducted at 0 ºC.

Table 5.4-2. Heat capacities.
Compound

Heat capacity [kJ kg-1 mol-1]

Adamantane

1.29

Sulfuric acid

1.34

Tert-butanol

2.97

Formic acid

2.19

Heptane

2.24

The specific heat capacity of the mixture:
Specific heat capacity: 1.59 [kJ kg-1K-1]
Energy required: 1.87E+06 [kJ]
Assuming that an industrial chiller is used (50% efficiency)
Energy required: 3.57E+06 [kJ]
xxxviii
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Mixing
Following parts of the process require efficient mixing: reaction, salt formation, salt
breaking and extractions.
Assuming the same power for every part of the process, and that in total 6 hours of motor
power is used.
Motor power: 0.58 kW
Energy required for 6 hours of operation: 1.26E+5 [kJ]
Solvent evaporation.
Saturated steam enters the heat exchanger at 4 bar(g) (151.9 ºC) assuming that the specific
heat capacity is equal to 1.91 [kJ kg-1K-1], i.e. the heat capacity of ethyl acetate.
Energy required: 1.71E+07 [kJ]
Steam required: 8.12 [t]

5.4.3.

Total energy requirement

3.70E+06 [kJ]
Steam required (4 bar): 8.12 [t]
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Li-quinoline

(3,4-Dihydro-2,5-dimethyl-2H-pyrano[2,3-b]quinoline)

6.1. Overview of the process
Due to the lack of reliable data on the industrial scale production of Li-quinoline and its
very small scale synthesis (commercially available only on the 1g scale), production is
based on laboratory scale procedures and larger scale syntheses of diketene and dioxinone.
The first step involves condensation of acetic acid to diketene, which reacts with acetone
to form dioxinone.11 Both reactions occur at high temperatures. Following that, 3-oxo-Nphenylbutanamide is formed upon a reaction between dioxinone and aniline.12 Nextly, 3oxo-N-phenylbutanamide

reacts

with

1,4-dibromobutane

giving

1-acetyl-N-

phenylcyclopentane-1-carboxamide.13 Finally, in highly acidic conditions, Li-quinoline
(3,4-Dihydro-2,5-dimethyl-2H-pyrano[2,3-b]quinoline) is formed upon condensation.13

Scheme 6.1-1. Synthesis of Li-quinoline.
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6.2. Synthesis of 1,4-dibromobutane.
The synthesis involves a reaction between butadiene and bromine and subsequent
hydrogenation over palladium on charcoal 2 wt%.14

Scheme 6.2-1. Synthesis of 1,4-dibromobutane from butadiene.

Prior to entering the reactor, all streams, i.e. butadiene, bromine and heptane, are cooled
down to -5 ºC. Upon mixing the reactants enter the reactor, and the temperature is kept
constant at -5 ºC. After exiting the reactor, the streams are passed through a heat exchanger,
where the temperature is raised to 20 ºC at which the residual butadiene (approximately
12% of the initial amount) and bromine (approximately 20% of the initial amount)
evaporates and is recycled back to the start of the process. The rest of the stream is passed
through another heat exchanger where the solution is heated up to 95 ºC, at which the
isomerisation of dibromobutenes occurs. The mixture of 1,2- and 1,4-dibromobutene
(assumed 1:2 ratio) is converted into a mixture consisting of 75% of 1,4 isomer and 25%
1,2 isomer and, at the same time, solvent, i.e. heptane evaporates. Isomers are separated
upon crystallisation at 50 ºC at which the isomer 1,4 is solid, whereas the isomer 1,2 remains
in the liquid state. Separation takes place in a centrifuge.
In the second step, 1,2-dibromobutene is hydrogenated at 50 ºC using platinum on carbon
as a catalyst and water and ammonia as a solvent. According to the patent used, the yield
is quantitative, and reaction requires only filtration and extraction using ethyl acetate as a
purification procedure. Used ethyl acetate is evaporated and recycled.
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Process diagram

Figure 6.2-1. Synthesis of 1,4-dibromobutane from butadiene. Reproduced from ref. 14.
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Reaction

1

Solid out

50

Liquid
out
1

50

1

50

Liquid
out
1

Hydrogenation

Liquid in

50

Isomers separation

1

Liquid in

50

Gas out

25

Liquid in
1

Butadiene evaporation

Table 6.2-1. Basis: production of 10,000,000 kg/annum 1,4-dibromobutane product.

Stream
Description

25

Liquid
out

1

Reaction
out
1
25

-5

l

Reaction
mix
1

l

-5

Pressure (bar)
Temperature
(ºC)
State

l

l

1.16E+07

s

l

1.16E+07

l

l

1.16E+07

MOLAR (mol)

9.26E+07

l

9.49E+07
9.26E+07

g

Butadiene
9.26E+07

2.32E+07

4.63E+07

9.26E+07

9.26E+07

4.63E+07

9.26E+07

Heptane
1.85E+07

2.32E+07

4.63E+07

4.63E+07

2.32E+07

4.63E+07

1.85E+07

1.85E+07

4.63E+07

2.32E+07

8.80E+07

2.32E+07

Bromine
1,4dibromobutene
1,2-

Light in

Distillation

Light liquid

Heavy
liquid

4.63E+07

1.00E+08

4.63E+07

4.63E+07

1.00E+08

3.00E+08

dibromobutene

1.00E+08

3.00E+08

1,4-

1.00E+08

3.00E+08

dibromobutane
Ammonia

3.00E+08

3.00E+08

4.63E+03

Water

4.63E+03

8.00E+07

4.63E+03

Hydrogen
Ethyl acetate
Pt/C
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Isomers separation
Light
in
1
50
l

Butadiene evaporation

25
l

Reaction

1
25
g

Stream
Liquid
in
1
25
l
6.26E+
05

6.96E+

Light
in

Reaction
out
1
5
l
6.26E+0
5

6.96E+

Gas out

Reaction
mix
1
-5
l
6.26E+0

6.96E+

Description

4.38E+0
5
6.96E+0

Liquid
out
1
50
l

Pressure (bar)
Temperature (ºC)
State

6
6.96E+0

06

Light
in
1
50
s

MASS (kg)
Butadiene

6.96E+0

06

Heptane

06

9.91E+
06

6

9.91E+
06

6

1.11E+
06
9.91E+
06

6

6
9.91E+0
6
4.95E+0
6

4.95E+
06

1.11E+0

9.91E+0
6
4.95E+0
6

4.95E+
06

5.28E+0

Bromine
6
9.91E+0
6
4.95E+0
6

4.95E+
06

1.11E+0
6

1,4-dibromobutene

1,2-dibromobutene

1,4-dibromobutane
Ammonia
Water

Hydrogen
Ethyl acetate
Pt/C

902.85

1.00E+
07
1.36E+
06

Liquid
out
1
50
l

Hydrogenation
Liquid
/gas in
1
50
l

9.91E+
06

1.36E+
06

1.02E+
05
902.85

Light
in

1.00E+
07
1.36E+
06
5.40E+
06

902.85

Extraction

Light
liquid

1.36E+0
6
5.40E+0
6

902.85

Heavy
liquid

1.00E+07

2.64E+07
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Scheme 6.2-2. Simplified scheme of the process.

Cooling of the substrates to -5 ºC.
Energy required to cool down butadiene: 1.79E+05[kJ]
Energy required to cool down heptane: 2.78E+05[kJ]
Energy required to cool down bromine: 2.00E+05[kJ]
Assuming an industrial chiller is used and 50% efficiency
Total energy required: 1.31E+09 [kJ]
Cooling of the reactor
Neglecting heat of the reaction (ΔH = -7.91 kJ mol-1) and assuming 15% heat loss from the
reactor:
Energy required for cooling down the reactor: 1.97E+08 [kJ]
Heating to 20 ºC to evaporate butadiene
Energy required to heat dibromobutenes: 2.32E+08 [kJ]
Energy required to heat heptane: 2.48E+08 [kJ]
Energy required to heat butadiene (accounting for the enthalpy of evaporation): 2.83E+08
[kJ]
Total: 7.63E+08 [kJ]
Total water (25 ºC) consumption: 9.09E+03 [t].
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Heating to 95 ºC – isomerisation
The heat of reaction is neglected. Heptane is evaporated during the same process. Thus heat
of evaporation is added.
Total energy required: 3.68E+09 [kJ]
Total energy delivered: 4.91E+09 [kJ]
Saturated steam enters the furnace at 4 bar(g) (151.9 ºC)
Steam required: 2.33E+03 [t]
Cooling down to 50 ºC – separation of the isomers
The heat of solidification is neglected.
Total energy required: 4.17E+08 [kJ]
Total energy delivered: 5.56E+08 [kJ]
Total cold water (25 ºC) consumption: 5.29E+03 [t].
Hydrogenation
It is assumed that the reaction mixture leaves the reactor at 50 ºC – i.e. heat of reaction
compensates for the heat losses from the reactor.
Evaporation of ethyl acetate after extraction
Total energy required: 1.43E+09 [kJ]
Total energy delivered: 1.90E+09 [kJ]
Saturated steam enters the furnace at 4 bar(g) (151.9 ºC)
Steam required: 9.03E+02 [t]
Mixing
Neglected.
Pumps
The process requires 7 pumps. Assuming the same energy requirement for all of them:
Power required for one pump: 1.41E+06 [kJ]
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Total power requirement: 9.87E+06 [kJ]

6.2.4.

Total energy requirement

1.51E+09 [kJ]
Steam required (4 bar(g)): 3.23E+03 [t]
Cold water required: 1.44E+04 [t]

6.3. Diketene

6.3.1.

Introduction

Diketene can be produced upon dimerisation of ketene with yields up to 85%. The
remaining 15% is made up of higher ketene oligomers and 3 – 4% acetic anhydride. Crude
diketene is a mobile, dark brown liquid due to contamination with 8 – 10% of higher
polymers. Diketene of >99.5 % purity can be obtained by distillation. Pure diketene (99.99
%) can be obtained by crystallisation. Diketene is generally consumed at the site of
production, because of its extreme reactivity and hazardous properties.11

Scheme 6.3-1. Synthesis of diketene
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Process description

The feed stream of acetic acid vapour is generated by passing argon through a glass bubbler
maintained at approximately 40 ºC filled with glacial acetic acid. The stream is then passed
to the top of a vertical hollow quartz tube. At the lower part of the quartz tube (5 cm from
the bottom), the removable silica foam monolith disk with 45 pores per inch, 20 mm
diameter and 0.1 cm thickness is placed. The disk is supported inside of the reactor by a
built-in quartz frit, and temperature of the disk is measured with an external thermocouple
placed in a glass pocket located under the frit. The quartz tube is placed in a cylindrical
furnace where the temperature is controlled with a PID controller and is set to 500 ºC. The
ketene formed in the quartz tube is passed through a condenser cooled with cold water
(bearing a collector attached at the bottom receiver for liquid condensate) followed by three
cylindrical gas traps connected in series filled with acetone and immersed in a dry
ice/acetone baths (-72 ºC). At the end of the line, the fourth glass trap filled up with acetone
kept at room temperature with the outlet tube placed into the hood's exhausting vent is
installed. After evaporation of acetone from traps, a yellowish liquid was obtained. It
consisted of 75% diketene, 16% acetic anhydride and 5% acetic acid. Diketene was further
distilled to yield 99.5% pure liquid.11
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Process diagram

Figure 6.3-1. Process diagram of synthesis of diketene. Reproduced from ref. 11.
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Mass balance

Table 6.3-1. Basis: production of 1 000,000,000 kg/annum diketene product.
Stream
Description

1

2

3

Extraction

AcOH
in
1

Argon
in
1

Crude out

Gas in

1

25

25

l

g

Distilation
Gas out

Wastes

Product

1

Liquid
out
1

1

1

1

500

500

-75

-75

56

56

g

g

L

g

v

v

2.34E+09

2.34E+09

-

-

Diketene

1.19E+10

1.19E+10

Higher
polymers
Acetone

3.19E+09

3.19E+09

Acetic
anhydride
Water

8.07E+08

8.07E+08

1.33E+10

1.33E+10

Pressure (bar)
Temperature
(ºC)
State
MOLAR
(mol)
AcOH

3.17E+1
0

Argon

-

1.19E+1
0
3.19E+0
9
1.19E+1
2
8.07E+0
8
1.33E+1
0

1.19E+1
0
3.19E+0
9
1.19E+1
2
8.07E+0
8
1.33E+1
0

MASS (kg)
AcOH

2.55E+0
9

Argon [m3]

3.18E+1
2

3.18E+1
2

Diketene

1.00E+09

1.00E+09

Higher
polymers
Acetone

-

-

Acetic
anhydride
Water

8.24E+07

8.24E+07

2.40E+08

2.40E+08

1.32E+09

1.32E+09

TOTAL

2.55E+0
9

3.18E+1
2

l

1.00E+0
9
6.91E+1
0
8.24E+0
7
2.40E+0
8
7.01E+1
0

1.00E+0
9
6.91E+1
0
8.24E+0
7
2.40E+0
8
3.18E+1
2
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Scheme 6.3-2. Simplified scheme of the process.

Acetic acid bubbler
Temperature out: 40 ºC
Acetic acid heat capacity: 2.05 [kJ mol-1K-1]
Total energy required: 7.84E+10 [kJ]
Assuming 75% efficiency
Total energy delivered: 9.80E+10 [kJ]
Furnace
The reaction is conducted at 500 ºC.
Total energy required: 2.52E+12 [kJ]
Total energy delivered: 5.03E+12 [kJ]
Due to extremely high temperature, steam cannot be used to heat the reaction. An
assumption is made that an electric furnace is used. 50% efficiency is assumed.
Cold extraction
Extraction is performed at -75 ºC. Streams exiting furnace at 500 ºC must be cooled down.
Combined energy for 3 acetone traps:
Total energy required: 1.94E+12 [kJ]
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Total energy delivered: 2.59E+12 [kJ]
Acetone evaporation:
Temperature in: 25 ºC
Temperature out: 58 ºC
Total energy required: 4.07E+11 [kJ]
Total energy delivered: 5.09E+11 [kJ]
Saturated steam enters the furnace at 4 bar(g) (151.9 ºC)
Steam required: 2.42E+05 [t]
Distillation:
Temperature in: 25 ºC
Temperature out: 128 ºC
Total energy required: 1.48E+12 [kJ]
Total energy delivered: 1.85E+12 [kJ]
Saturated steam enters the furnace at 4 bar(g) (151.9 ºC)
Steam required: 8.79E+05 [t]
Equipment
Neglected.

6.3.6.

Total energy requirement

7.72E+12 [kJ]
Steam (4 bar(g)) required: 1.12E+06 [t]
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6.4. 2,2,6-Trimethyl-4H-1,3-dioxin-4-one
Dioxinone (2,2,6-Trimethyl-4H-1,3-dioxin-4-one) can be obtained by a reaction of
diketene with acetone in strongly acidic conditions. The experimental procedure was
reported by Carroll.15

Scheme 6.4-1. 2,2,6-Trimethyl-4H-1,3-dioxin-4-one synthesis

Dioxinone is prepared by a reaction of diketene with acetone catalysed by a strong Lewis
acid, in this case, p-toluenosulfonic acid. Due to lack of a detailed experimental description,
it is assumed that the reaction proceeds at 50 ºC, i.e. dioxinone is refluxed in acetone.
Following the 12 h long reaction, the product is crystallised by lowering the temperature to
5 ºC at which dioxinone is solid. 90% yield is assumed. 10 mol% of the sulfonic acid is
used.
In the LCA model, p-toluenosulfonic acid was replaced with sulfuric acid.
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Table 6.4-1. Basis: production of 154000,000,000 kg/annum 2,2,6-Trimethyl-4H-1,3dioxin-4-one product.
Stream

1

2

Description

Reaction in

Reaction out

Liquid out

Solid out

Pressure
(bar)
Temperature
(oC)
State

1

1

1

1

25

50

0

0

l

l

l

s

MOLAR
(mol)
Diketene

1.19E+10

2.98E+09

2.98E+09

Acetone

1.59E+10

5.03E+09

5.03E+09

Sulfuric acid

1.19E+09

1.19E+09

1.19E+09

Dioxinone

Crystallisation

1.08E+10

1.08E+10

MASS (kg)
Diketene

1.00E+09

2.51E+08

2.51E+08

Acetone

9.21E+08

2.92E+08

2.92E+08

Sulfuric acid

1.17E+08

1.17E+08

1.17E+08

Dioxinone
TOTAL

1.54E+09
2.04E+09

2.20E+09

liv
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Scheme 6.4-2. Simplified scheme of the process.

Preheating of the reaction mixture
Assuming that the heat capacity of the mixture is equal to the heat capacity of the substrate.
The reaction is conducted at 58 ºC.
Total energy required: 1.25E+11 [kJ]
Total energy delivered: 1.57E+11 [kJ]
Saturated steam enters the reactor at 4 bar(g) (151.9 ºC)
Steam required: 7.43E+04 [t]
Heating of the reactor during the reaction (12h)
15% heat losses per hour is assumed.
Total energy required: 2.25E+11 [kJ]
Total energy delivered: 2.82E+11 [kJ]
Saturated steam enters the reactor at 4 bar(g) (151.9 ºC)
Steam required: 1.34E+05 [t]
Cooling down to 25 ºC
Cold water is used.
Total energy required: 1.25E11 [kJ]
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Total energy delivered: 1.57E+11 [kJ]
Cold water required: 7E+06 [t]
Cooling down to 5 ºC
Industrial chiller is used.
Total energy required: 1.00E+11 [kJ]
Total energy delivered: 1.25E+11 [kJ]
Distillation
Acetone is recovered at 58 ºC
Accounting for heat of evaporation
Total energy required: 2.62E+11 [kJ]
Total energy delivered: 3.27E+11 [kJ]
Saturated steam enters the reactor at 4 bar(g) (151.9 ºC)
Steam required: 1.55E+05 [t]
Mixing
Both reaction and crystallisation require mixing.
Total process time 16 hour (12-hour reaction + 4-hour workup).
Motor power: 1.18 kW
Energy required for a 16-hour batch: 6.80E+4 [kJ]

6.4.3.

Total energy requirement

1.25E+11 [kJ]
Cold water required: 7E+06 [t]
Saturated steam required (4 bar(g)): 3.63E+05 [t]
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6.5. Acetoacetanilide synthesis
Acetoacetanilide is prepared by acetoacetylation of aniline using diketene. A practical
procedure was described by Sridharan.12
A mixture of aniline, dioxinone and sodium acetate in tetrahydrofuran was heated under
reflux (65 ºC) for 24h. After cooling down to 25 ºC the mixture was diluted with EtOAc
and extracted using water. The organic phase was dried using sodium sulfate, and organic
solvents were evaporated. The yield of acetoacetanilide was approximately 75%, and no
additional purification was required.

Scheme 6.5-1. Synthesis of acetoacetanilide.

Scheme 6.5-2. Simplified scheme of the process.
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Table 6.5-1. Basis: production of 0.98 kg/annum acetoacetanilide product.
Stream
Description

1

2

Extraction

Reaction
in
1

Reaction
out
1

Liquid in

25

Crystallisation

1

Aqueous
out
1

Organic
out
1

Liquid
out
1

Solid
out
1

65

25

25

25

0

0

l

l

l

l

l

l

s

Dioxinone

7.36

1.81

1.81

1.81

Aniline

5.66

0.11

0.11

0.11

0.11

1051.43

1051.43

1051.43

1051.43

1051.4
3

5.66

5.66

5.66

5.55

5.55

5.55

5.55

5.55

5.55

5.55

5.55E+0
4
3.41E+0
4

5.55E+04
3.41E+0
4

3.41E+
04

Pressure (bar)
Temperature
(oC)
State
MOLAR (mol)

THF
Sodium acetate
Acetoacetanilid
e
Acetone
Water
Ethyl acetate

1.81

5.66

MASS (kg)
Dioxinone

1.05

0.26

0.26

0.26

Aniline

0.53

0.01

0.01

0.01

0.01

THF

75.82

75.82

75.82

75.82

75.82

Sodium acetate

0.46

0.46

0.46

0.98

0.98

0.98

0.98

0.33

0.33

0.33

Water

1000

1000

Ethyl acetate

3000

3000

3000

Acetoacetanilid
e
Acetone

0.46

NaSO4
TOTAL

0.26

1
77.86

77.86

4077.86
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Heat/energy balance

Preheating of the reaction mixture
The reaction is conducted at 65 ºC.
Total energy required: 3.94E+04 [kJ]
Total energy delivered: 7.89E+04 [kJ]
Due to the small scale synthesis, the reactor is heated using electricity; 50% efficiency is
assumed.
Heating of the reactor during the reaction
Due to the small scale synthesis, 25% heat losses per hour is assumed.
Total energy required: 4.73E+05 [kJ]
Mixing
Both reaction and crystallisation require mixing.
A large laboratory scale overhead stirrer is used.
Total process time 30 hour (24-hour reaction + 6-hour workup).
Motor power: 0.032 kW
Energy required for a 30-hour batch: 3456 [kJ]
Solvent evaporation after extraction
Total energy required: 2.80E+05 [kJ]
Total energy delivered: 3.51E+05 [kJ]
Due to the small scale synthesis, the reactor is heated using electricity.

6.5.3.

Total energy requirement

9.064E+5 [kJ]
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6.6. 1-acetyl-N-phenylcyclopentanecarboxamide synthesis
Acetoacetanilide and potassium carbonate were added to DMF and stirred for 1h. After this
time, 1,4-dibromobutane was added, and the mixture was stirred for another 12h. All
operations were conducted at room temperature. Following this, water was added to the
reaction mixture and extraction using EtOAc was performed. Combined organic fractions
were washed with hydrochloric acid (3M), and after phase separation, the organic phase
was dried using sodium sulfate. After solvent evaporation, the product was used without
any further purification. The yield of the reaction was approximately 92%.13

Scheme 6.6-1. Synthesis of 1-acetyl-N-phenylcyclopentanecarboxamide

Scheme 6.6-2. Simplified scheme of the process.
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Table 6.6-1. Basis: production of 1.18 kg/annum 1-acetyl-N-phenylcyclopentanecarboxamide product.
Stream

1

2

Reaction
in
1

Reaction
out
1

Liquid out

Solid out

1

1

25

25

0

0

l

l

l

s

Acetoacetanilide

5.55

0.45

0.45

1,4-dibromobutane

6.11

1

1

K2CO3

12.76

12.76

12.76

DMF

179.89

179.89

179.89

Description
Pressure (bar)
Temperature (oC)
State

Crystallisation

MOLAR (mol)

Product

5.11

HBr

10.2

Water

5.11
10.2
-

MASS (kg)
Acetoacetanilide

0.98

0.08

0.08

1,4-dibromobutane

1.31

0.21

0.21

K2CO3

1.76

1.76

1.76

DMF

13.15

13.15

13.15

Product

1.18

HBr

0.90

Water
TOTAL

1.18
0.90
200

17.2

17.28

lxi
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Heat/energy balance

Heating of the reaction mixture
Reaction at room temperature.
Mixing
Both reaction and crystallisation require mixing.
A large laboratory scale overhead stirrer is used.
Total process time 15 hour (13-hour reaction + 2-hour workup).
Motor power: 0.032 kW
Energy required for a 10-hour batch: 1728 [kJ]
Filtration and drying are neglected.
Solvent evaporation after extraction
Total energy required: 2.50E+05 [kJ]
Total energy delivered: 3.13E+05 [kJ]
Due to the small scale synthesis, the reactor is heated using electricity.

6.6.3.

Total energy requirement

3.13E+05 [kJ]
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6.7. Li-quinoline synthesis
Li quinoline can be produced by condensation of 1-acetyl-N-phenylcyclopentanecarboxamide. Due to lack of available industrial procedures and small-scale synthesis (1 kg
per annum), a laboratory scale synthesis is reproduced. Detailed procedure was described
by Yu and Wang.13

Scheme 6.7-1. Li-quinoline synthesis

1-acetyl-N-phenylcyclopentanecarboxamide was mixed with concentrated sulfuric acid,
and the mixture was stirred at 50 ºC for 1.5 h. After this time, the mixture was mixed with
an aqueous solution of ammonia and extracted using EtOAc. Combined organic phases
were dried using magnesium sulfate, the solvent was evaporated, and the residue was
purified using flash column chromatography. It was assumed that flash chromatography
requires 1 kg of solvent per 1 g of the compound.
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Table 6.7-1. Basis: production of 0.95 kg/annum Li-quinoline product.
Stream
Description
Pressure (bar)
Temperature
(oC)
State

1

2

Extraction

Chromatography

Reaction
in
1

Reaction
out
1

Liquid
in
1

Aqueous
out
1

Organic
out
1

25

50

0

0

0

l

l

l

l

l

5.11

0.67

0.67

76.47

76.47

76.47

4.44

4.44

4.44

170.24

170.24

Fraction
1

Fraction
2

MOLAR (mol)
1-acetyl-Nphenylcyclope
ntanecarboxam
ide
sulfuric acid
Li-quinoline
Ethyl acetate

0.67

76.47

Heptane
Ammonia

349.22

349.22

4.44

1504.4
4

1504.44

1.18

0.15

0.15

7.5

7.5

7.5

0.95

0.95

0.95

15

15

Water

0.67

4.44
510.72

2156.37

1197.49

7983.24

MASS (kg)
1-acetyl-Nphenylcyclope
ntanecarboxam
ide
sulfuric acid
Li-quinoline
Ethyl acetate

0.15

7.5

Heptane
Ammonia
Water
TOTAL

8.68

12.24

12.24

0.079

27.079

27.079

8.68

62.919

46.819

lxiv
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Heat/energy balance

Heating of the reaction mixture
Reaction at room temperature.
Heating to 50 ºC
Due to the small scale, electric heater is used (50% efficiency is assumed)
Energy required: 191.17 [kJ]
Energy delivered: 382.34 [kJ]
Heat losses: 15% per hour.
Energy required for 2 h reaction: 114.7 [kJ]
Total energy delivered: 497.04 [kJ]
Cooling down to 0 ºC
Due to the small scale industrial chiller is used (50% efficiency assumed)
Energy required: 382.34[kJ]
Energy delivered: 764.69 [kJ]
Mixing
Both reaction and crystallisation require mixing.
A large laboratory scale overhead stirrer is used.
Total process time 4 hour (2-hour reaction + 2-hour workup).
Motor power: 0.032 kW
Energy required for a 4-hour batch: 460.80 [kJ]
Flash chromatography and extraction
Solvent evaporation:
Due to the small scale, electric heater is used (50% efficiency is assumed)
Energy required: 5.92E+05 [kJ]
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Energy delivered: 2.65E+06 [kJ]

6.7.3.

Total energy requirement

2.65E+06 [kJ]

7.

Purification of Pd/Cu residue

The solid waste formed after purification of the reaction mixture from the carbonylation
reaction contains a large amount of palladium and copper species that should be recycled.
It is performed via electrolysis.16
The residue is dissolved in 3N nitric acid and metals are recovered using electrolysis. In
the first step, copper is plated on the electrode at 0.5 V potential. In the second step,
palladium is recovered by applying 2V potential. According to the patent, 95% of metal is
recovered.
Accounting for the conductivity of a 3N aqueous solution of nitric acid:
Energy required: 255 [kWh]
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N-Cyclohexylisopropylamine synthesis

8.1. Overview
N-Cyclohexylisopropylamine can be synthesised using classical methods of secondary
amines synthesis, i.e.:2
1. Reductive amination using hydrogen
2. Reductive amination using sodium triacetoxyborohydride
3. Reductive amination using sodium borohydride and titanium isopropoxide
4. Michael addition
In this case, option 1 was used, i.e. reductive amination of cyclohexylamine and acetone
catalysed by palladium on carbon.

Scheme 8.1-1. N-Cyclohexylisopropylamine synthesis
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8.2. Cyclohexylamine
Cyclohexylamine can be produced by catalytic hydrogenation of aniline or by reaction
between cyclohexanol and ammonia over cobalt catalyst.
The first option, i.e. hydrogenation of aniline was selected due to high yields and relatively
mild conditions.

Scheme 8.2-1. Hydrogenation of aniline

A packed-bed reactor filled with nickel catalyst was used. From the bottom, streams of
hydrogen, ammonia and aniline were fed. The temperature of the reaction was maintained
at 225 ºC, and the back pressure was set at 7 bar(g). The outlet stream was cooled down to
60 ºC and the liquid phase was collected containing 75% cyclohexylamine, 15%
Dicyclohexylamine, 9% aniline and no more than 1% of hydrocarbons. The pure product
was obtained by distillation.17 An assumption was made that the catalyst is fully recycled.

Scheme 8.2-2. Simplified scheme of the process.
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Table 8.2-1. Basis: production of 50000 kg/annum cyclohexylamine product.
Stream

1

2

Reaction
in
7

Reaction
out
7

Liquid in

Heavy out

Light out

1

1

1

Temperature (oC)

25

225

60

0

0

State

l/g

l/g

l

l

l

Aniline

6.72E+05

6.05E+04

6.05E+04

6.05E+04

Hydrogen

6.72E+05

Ammonia

1.34E+05

Description
Pressure (bar)

Distillation

MOLAR (mol)

1.34E+05

Cyclohexylamine

5.04E+05

5.04E+05

N-cyclohexylaniline

6.72E+03

6.72E+03

6.72E+03

Di-Cyclohexylamine

1.01E+05

1.01E+05

1.01E+05

5.63E+03

5.63E+03

5.63E+03

5.04E+05

MASS (kg)
Aniline

6.26E+04

Hydrogen

1.34E+03

Ammonia

2.29E+03

2.29E+03

Cyclohexylamine

5.00E+04

5.00E+04

N-cyclohexylaniline

5.79E+02

5.79E+02

5.79E+02

Di-Cyclohexylamine

1.83E+04

1.83E+04

1.83E+04

7.45E+04

7.45E+04

2.39E+04

TOTAL

6.62E+04
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Heat/energy balance

Heating to 225 ºC
Energy required: 5.77E+07 [kJ]
Energy delivered: 7.69E+07 [kJ]
Heat losses are compensated by the heat of the reaction.
Saturated steam enters the furnace at 30 bar(g) (233.84 ºC)
Steam required: 4.29 [t]
Compressor
Based on http://www.engineeringtoolbox.com/horsepower-compressed-air-d_1363.html
Compression of 1340 kg of hydrogen from 0 bar(g) to 7 bar(g)
Energy required: 4.31E+06 kJ
Cooling down to 60 ºC
Energy required: 4.06E+07 [kJ]
Energy delivered: 5.41E+07 [kJ]
Cold water required: 322.30 [t]
Distillation
Pressure: 1 [atm]
Temperature: 135 [ºC]
Energy required: 2.68E+07 [kJ]
Energy delivered: 3.58E+07 [kJ]
Saturated steam enters the furnace at 4 bar(g) (151.9 ºC).
Steam required: 1.70 [t]
Cold water for condensation: 1 [t]
Energy for pumps neglected.
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Total energy requirement

Cold water required: 323.30 [t]
Steam (30 bar) required: 4.29 [t]
Steam (4 bar) required: 1.70 [t]
Energy required: 4.31E+06 kJ
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8.3. N-Cyclohexylisopropylamine

Scheme 8.3-1. Synthesis of N-cyclohexylisopropylamine.

The substrates and the catalyst, i.e. cyclohexylamine, acetone and palladium on carbon
were charged into a reactor and pressurised with hydrogen (1 bar(g)). After 3 hours, the
reactor was unloaded, and the reaction mixture was filtered to recover the catalyst. The
liquid phase was distilled yielding approximately 85% of the pure product.18 An assumption
was made that the catalyst is fully recycled.

Scheme 8.3-2. Simplified scheme of the process.
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Mass balance

Table 8.3-1. Basis: production of 60500 kg/annum N-Cyclohexylisopropylamine product.
Stream

1

2

Reaction in

Reaction out

Liquid in

Waste

Product

Pressure (bar)

1

1

1

1

1

Temperature (oC)

25

25

25

-

-

State

l/g

l

l

l

l

Cyclohexylamine

5.04E+05

7.50E+04

7.50E+04

7.50E+04

Acetone

7.56E+05

3.28E+05

3.28E+05

3.28E+05

1.01E+06

5.81E+05

Description

Distillation

MOLAR (mol)

Pd/C
Hydrogen
N-Cyclohexylisopropylamine
Water

4.29E+05

4.29E+05

4.29E+05

4.29E+05

4.29E+05

4.29E+05

MASS (kg)
Cyclohexylamine

5.00E+04

7.44E+03

7.44E+03

7.44E+03

Acetone

4.39E+04

1.90E+04

1.90E+04

1.90E+04

5.04E+02

2.90E+02

Pd/C
Hydrogen
N-Cyclohexylisopropylamine
Water
TOTAL

9.44E+04

6.05E+04

6.05E+04

7.71E+03

7.71E+03

7.71E+03

9.47E+04

9.46E+04

3.42E+04
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Heat/energy balance

Heating of the reaction mixture
Reaction at room temperature. The heat of the reaction is balanced by heat losses from the
reactor.
Vacuum Distillation
Pressure: 0.016 [bar(g)]
Temperature: 62.55 [ºC]
Energy required: 5.00E+07 [kJ]
Energy delivered: 6.67E+07 [kJ]
Saturated steam enters the furnace at 4 bar(g) (151.9 ºC).
Steam required: 3.16 [t]
Cold water for condensation: 1 [t]
Energy for pumps neglected.

8.3.3.

Total energy requirement

Steam required: 3.16 [t]
Cold water: 1 [t]
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